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ABSTRACT 
Holocene Fire and Climate in Rangeland Ecosystems of Southwestern Idaho 
Nathan Nelson 
Master of Science in Geology 
 
 Because rangelands are characterized by more arid climates than forested regions, 
traditional methods of reconstructing fire histories (e.g. fire-scars from trees or charcoal 
preserved in lake sediments) are limited.  Charcoal preserved in alluvial fans and stream 
terraces provide a means of reconstructing a record of fires and geomorphic responses in 
rangeland ecosystems. 
 This study used dated charcoal from fire-related deposits and deposit 
characteristics to determine a record of fire and geomorphic response.  Twenty-five 
samples collected from terraces and alluvial fans within the Wood Creek study area 
indicate three major periods of fire-related activity.  From 4,400 – 4,000 cal yr BP, fire-
related sediment was preserved in floodplain deposits; charcoal from this period indicates 
that the fires burned hardwoods and conifers.  From 2,000 – 1,400 cal yr BP, fires 
resulted in debris flows and sheetflooding events and burned primarily conifers.  Between 
650 and 300 cal yr BP, fires resulted initially in debris flows and later in floodplain 
deposition; identified charcoal indicates that fires burned primarily sagebrush and 
conifers.   
 vii
 Between two and three meters of incision has occurred during the last ~500 years, 
based on the position of fire-related floodplain deposits, and ~2.5 meters of incision has 
occurred since the deposition of a sandy flood deposit, dated using optically stimulated 
luminescence, approximately 90 years ago.  Corresponding incision rates over these 
periods range from ~10 – 25 m/ka. 
 The study area may have been dominated by conifer forest prior to the Medieval 
Climatic Anomaly.  Prior to ~1,300 cal yr BP, fire-related activity occurred at times 
similar to activity in the forested ecosystems of the Payette and Yellowstone National 
Park and sagebrush is rare.  After ~600 cal yr BP, activity is similar to the record of 
inferred surface-fires in the Payette and sagebrush is common in charcoal samples.  
Inferred shifts in the forest-rangeland ecotone are consistent with those reported 
elsewhere in the Great Basin. 
 Sample ages were compared to a reconstruction of Palmer Drought Severity Index 
(PDSI) to investigate relationships between fire and climate.  While fires in forested 
ecosystems are predominantly linked to droughts, ten of the fourteen most recent samples 
from Wood Creek indicate that fires occurred during times that were wetter than the 
record average PDSI.  Eight of the fourteen indicate that conditions were likely wetter 
than indicated by an un-weighted average PDSI.
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INTRODUCTION 
 
 Since the mid-1980’s, wildfires in the western United States have increased in 
both severity and extent (Westerling, Hidalgo, Cayan, and Swetnam, 2006; Whitlock, 
2004; Schoennagel, Veblen, and Romme, 2004).  Costs associated with fire suppression 
continue to rise, and by 2004 exceeded $1 billion (Whitlock, 2004).   
 Climate is a primary control on the occurrence and severity of wildfire (e.g. 
Pierce, Meyer, and Jull, 2004; Westerling et al., 2006).  On annual to decadal timescales, 
drought controls the continuity and availability of fuel.  The increase in size and severity 
of forest fires in the western U.S. since the mid-1980’s has been primarily attributed to 
prolonged and severe drought in this region, and not to changes in land management 
(Westerling et al. 2006; Schoennagel et al., 2004; McKenzie, Gedalof, Peterson, and 
Mote, 2004).  On centennial to multi-millennial timescales, climate controls the 
vegetation type and extent, and climate-driven changes in vegetation since the last glacial 
interval (~20,000 yr BP) have been accompanied by changes in fire regimes (Millspaugh, 
Whitlock, and Bartlein, 2000; Whitlock, 2001; Whitlock, Shafer, and Marlon, 2003).  
 While many studies have focused on fires in forested ecosystems, fires in 
rangeland habitats have also been extensive.  Between 2005 and 2007, greater than 
10,400 km2 of rangeland burned in Idaho, Oregon, Utah, Nevada, and Montana (National 
Interagency Fire Center, 2008).  Rangeland ecosystems, which comprise approximately 
80% of the western United States, are used for the grazing of cattle, sheep, and other 
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livestock, provide recreation, and support a diverse ecosystem.  Given ecological concern 
for such species as the sage grouse, considered a sagebrush obligate (Wambolt, Walhof, 
and Frisna, 2001; Baker, 2006), range managers must now balance the needs of multiple 
users with vegetation changes and habitat restoration (Chambers and Pellant, 2008; 
Weddell, 2001).   
 One key to achieving this balance, and to successful restoration efforts, is an 
understanding of the role that fire has held within this ecosystem, and how post-
settlement activities, including grazing, fire suppression, and the introduction of invasive 
species, have altered the role of fire in rangeland ecosystems.  Most restoration efforts are 
directed at mitigating ecosystem changes that have occurred after European settlement in 
the mid- to late-1800’s AD, though the nature of post-settlement changes is debated 
(Wambolt et al., 2001), and fire history and other ecosystem conditions prior to European 
settlement are largely unknown. 
 While fire histories in forested ecosystems can be determined using 
dendrochronologic methods (stand ages and fire scars), and charcoal from lake sediments 
has been used to reconstruct fire history in forested regions (e.g. Whitlock 2001; 
Millspaugh et al., 2000) and the northern Great Plains (Brown et al., 2005; Camill et al., 
2003), both trees and lakes are rare in the arid to semi-arid rangelands of the American 
West.  Fire scars from stands of ponderosa pine (Pinus ponderosa) adjacent to rangelands 
have been used to approximate rangeland fire return intervals (Miller, Baisan, Rose, and 
Pacioretty, 2001; Miller and Tausch, 2001; Miller and Rose, 1999); however, the 
reliability of such estimates has been called into question (Baker, 2006).  Miller and 
Tausch (2001) report fire return intervals for sagebrush ecosystems of ten to twenty 
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years, yet sagebrush has been shown to take over thirty years to recover to prior stand 
heights and densities after fire (Wambolt et al., 2001).  Baker (2006) argues that fire 
return intervals are commonly twice the duration of the recovery time, as documented in 
southwestern pinyon-juniper woodlands and in lodgepole pine and spruce-fir forests 
(Baker, 2006); therefore fire return intervals should be at least 60 years in sage-
dominated ecosystems. 
 In addition to fire scars, lake cores, and ecologically-based fire reconstructions, 
charcoal fragments preserved in stream sediments and alluvial fans provide a longer term 
(thousand year) record of fire and geomorphic response to fire (e.g. Meyer, Wells, and 
Jull, 1995; Pierce et al., 2004).  Since rangeland ecosystems lack trees and often lack 
permanent and/or undisturbed lakes, charcoal preserved in alluvial sediments provides a 
method to investigate pre-disturbance records of fire in these ecosystems.  These alluvial 
deposits record both the timing of fire (from dated charcoal fragments) and the 
geomorphic response to fire.  By using a combination of dated charcoal fragments and 
deposit characteristics, we can establishes both the age of the fire and its effects on the 
landscape. 
 This study describes a record of fire and geomorphic response to fire in a 
rangeland watershed of southwestern Idaho over the past several thousand years.  This 
study also explores the relationships between these fires and climatic conditions, 
specifically drought conditions, and whether changes in rangeland fire activity 
correspond with changes in climate.  Specifically, this study seeks to answer the 
following questions.  First, what is the record of geomorphic response to fire in this 
watershed over the past several thousand years?  Second, how does this rangeland record 
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compare to similar fire records from other ecosystems?  Third, is there evidence for 
possible late Holocene vegetation changes within the study area?  Fourth, how does fire 
activity relate to climate conditions over the last 2,000 years?  Finally, do fires tend to be 
limited by fuel conditions or moisture conditions, and does the record indicate shifts 
between the two regimes? Addressing these questions will increase understanding of the 
interactions between fire, climate and drought in rangelands, and will help to place recent 
fire activity in rangeland ecosystems within a longer-term context.  Understanding past 
responses to climatic changes is crucial to our ability to predict how rangeland fire 
regimes may change as a result of ongoing and future global climate change. 
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BACKGROUND 
 
Holocene Climate in the Western United States 
 Several methods have been used to reconstruct Holocene climate in the western 
United States.  These methods include sediment cores from lakes (Whitlock, 1992; 
Camill et al., 2003; Clark et al., 2002; Laird, Fritz, Grimm, and Mueller, 1996; Laird, 
Fritz, and Cumming, 1998), bogs (Booth, Notaro, Jackson, and Kutzbach, 2006), and 
marine sediments (Nederbragt and Thurow, 2001), fossils preserved in packrat middens 
(Miller and Wigand, 1994; Miller and Tausch, 2001; Lyford, Jackson, Betancourt, and 
Gray, 2003; Gray, Betancourt, Jackson, and Eddy, 2006), and dendroclimatology 
(Hughes and Graumlich, 1996; Cook, Meko, and Stockton, 1997; Biondi, Perkins, Cayan, 
and Hughes, 1999; Cook, Woodhouse, Eakin, Meko, and Stahle, 2004a; Gray, Jackson, 
and Betancourt, 2004; Gray et al., 2006). 
 The early Holocene, from 11,350 to about 8,000 cal yr BP, was cool and wet in 
the Great Plains (Camill et al., 2003), though a warming trend is noted in the Great Basin 
(Miller and Tausch, 2001).  The middle Holocene, sometimes called the “Altithermal” 
(Miller and Wigand, 1994), was a generally warm period in the western United States and 
northern Great Plains that lasted from about 8,000 cal yr BP to about 4,000 cal yr BP 
(Miller and Tausch, 2001; Miller and Wigand, 1994; Camill et al., 2003; Lyford et al., 
2003; Laird et al., 1996).  While most of this period was characterized by drought, some 
studies report wetter conditions in the Great Basin toward the end of the middle Holocene 
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(~5,500 cal yr BP to ~4,000 cal yr BP; Miller and Tausch, 2001; Miller and Wigand, 
1994; Mensing, Livingston, and Barker, 2006) and gradual increases in both summer and 
winter precipitation (Miller and Wigand, 1994). 
 The Neoglacial lasted from ~4000 cal yr BP to sometime between 2,500 and 
1,900 cal yr BP (Miller and Tausch, 2001; Miller and Wigand, 1994; Mensing et al., 
2006; Lyford et al., 2003).  In the Great Basin, grass communities increased in abundance 
while sagebrush declined during this cool, wet interval (Miller and Wigand, 1994).  Open 
juniper woodlands in the Great Basin extended southward and to elevations ~150 m 
below previous ranges (Miller and Tausch, 2001; Miller and Wigand, 1994).  Arid 
conditions developed between 4,700 and 3,200 cal yr BP in east-central Nevada 
(Mensing et al., 2006), followed by cool, wet conditions from 3,200 to 2,450 cal yr BP. 
 The severe drought that followed the Neoglacial in many locations could be an 
expression of the Roman Warm Period (RWP).  The RWP is described in Europe and the 
North Atlantic and lasted from ~2,100 to 1,550 cal yr BP (McDermott, Mattey, and 
Hawkesworth, 2001; Desprat, Sanchez Goni, and Loutre, 2003; Eiriksson et al., 2006).  
The Wyoming basin experienced warm, dry conditions from 2,800 to 1,000 cal yr BP 
(Lyford et al., 2003).  Dry conditions are also recorded in east-central Nevada between 
2,450 and 1,100 cal yr BP (Mensing et al., 2006).  Severe droughts have been recorded 
between 2,500 and 1,900 cal yr BP at Pyramid Lake, Nevada, and at Kingston Meadow, 
Nevada (Mensing, Smith, Norman, and Allan, 2008).  Mission Cross Bog, in northeastern 
Nevada, records three different centennial-scale droughts ending at 2,500, 2,200, and 
1,900 cal yr BP (Mensing et al., 2008).  However, ocean core sediments collected 
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offshore of Vancouver Island record wet conditions lasting from 2,100 to 1,750 cal yr BP 
(Nederbragt and Thurow, 2001). 
 Miller and Wigand (1994) report warm, dry conditions lasting from 1,900 to 
1,000 cal yr BP, during which time juniper ranges retracted and sagebrush came to 
dominate the more arid steppes of the northern Great Basin.  Drought affected the 
western Great Basin between 1,900 and 1,800 cal yr BP and a mild drought ending 
around 1,200 cal yr BP affected the northern Great Basin (Mensing et al., 2008).  Periods 
of extreme drought are recorded at Moon Lake, North Dakota, between 1,750 and 1,580 
cal yr BP and between 1,250 and 1,100 cal yr BP (Laird et al., 1998).  In the Great Lakes 
region, three significant droughts between 1,900 and 1,600 cal yr BP break a trend 
toward wetter conditions (Booth et al., 2006).  Miller and Tausch (2001) report increased 
summer precipitation and grass abundance between 1,500 and 1,100 cal yr BP in the 
Great Basin; this is broadly coincident with the Dark Ages Cold Period (DACP; 1,500 – 
1,000 cal yr BP) described in Europe and the North Atlantic (Desprat et al., 2003; 
Eiriksson et al., 2006).  Mission Cross Bog, in northern Nevada, records a centennial-
scale drought that ended at about 1,400 cal yr BP (Mensing et al., 2008). 
 In the western U.S., the Medieval Climatic Anomaly (MCA) can best be 
described as a period of widely variable climate that alternated between extreme multi-
decadal droughts and multi-decadal wet periods (Woodhouse, 2004; Cook et al., 2004a).  
Miller and Tausch (2001) record an increase in pinyon and juniper abundance throughout 
the Great Basin as summer precipitation increased at around 1,000 cal yr BP; Miller and 
Wigand (1994) also note increased charcoal production at this time.  Miller and Tausch 
(2001) record drought conditions in the Great Basin that lasted from approximately 900 
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to 700 cal yr BP.  Severe drought and fires occurred between 700 and 500 cal yr BP, as 
indicated by charcoal concentrations, reduced woodland extent, and a hiatus in the 
packrat midden record (Miller and Wigand, 1994).  Further droughts of centennial-scale 
are recorded at Mission Cross Bog, in northern Nevada, ending at 1,000 and 800 cal yr 
BP (Mensing et al., 2008).  Mono Lake low-stand intervals of 1,050 – 941 and 774 – 676 
cal yr BP (Graham and Hughes, 2007), Sierran droughts from 1,050 – 850 and from 750 
– 600 cal yr BP (Laird et al., 1998), and drought recorded at Pyramid Lake, Nevada, from 
800 – 725 cal yr BP (Mensing et al., 2008) indicate the temporal and spatial variability of 
climate in the western Great Basin during the MCA.  The most severe, widespread 
droughts, based on reconstructions of Palmer Drought Severity Index and calculated 
Drought Area Index, in the western United States are centered on 1,014, 916, 800, and 
697 cal yr BP (Cook et al., 2004a).  The broad extent of North American droughts during 
the MCA is revealed by records of drought conditions recorded in vegetation records 
from woodrat middens from 700 – 662 cal yr BP in the Uinta Basin (Gray et al., 2004; 
Gray et al., 2006), in lake cores in the northern Great Plains from 950 – 750 cal yr BP 
(Laird et al., 1998), and in bog cores in the Great Lakes region around 1,000, 800, and 
700 cal yr BP (Booth et al., 2006). 
 The Little Ice Age (LIA) followed the MCA.  The LIA was generally cool and 
wet (Lamb, 1977; Miller and Tausch, 2001; Nederbragt and Thurow, 2001) with 
increased winter precipitation and juniper expansion beginning between 500 and 400 cal 
yr BP (Miller and Wigand, 1994).  Along with juniper expansion, increased herbaceous 
vegetation in the Great Basin is thought to have increased fire frequencies during this 
period (Miller and Tausch, 2001).  While juniper expanded its range during the LIA, it 
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maintained open stands or was confined to relatively fire-proof locations (Miller and 
Wigand, 1994).  Wet intervals at 620 – 611 and 581 – 573 cal yr BP allowed recruitment 
of pinyon pine at Dutch John Mountain in northeastern Utah (Gray et al., 2006). 
 While droughts during the LIA were not as severe or long lasting as those 
recorded during the MCA, they did occur.  For example, in the Uinta Basin, a series of 
wet intervals (472 – 458, 356 – 326, and 113 – 82 cal yr BP) is interspersed with droughts 
(513 – 473, 384 – 357, 325 – 310, and 178 – 164 cal yr BP; Gray et al., 2004). 
 While most authors report cooler than average conditions during the LIA, a 
reconstruction of July temperatures from northeastern Idaho (Biondi et al., 1999) 
indicates generally warmer temperatures with periods of cooler temperatures lasting from 
720 – 580, 510 – 470, 350 – 290, and 150 – 90 cal yr BP.  This reconstruction uses both 
Douglas fir near its lower treeline and whitebark pine near its upper treeline.  Warmer 
temperatures were correlated to limited growth in the Douglas fir and increased growth in 
the whitebark pine. 
 
Fire History Reconstructions 
 Dendrochronologic studies, or studies based on evidence from trees, can 
determine the actual calendar year in which a fire occurred (Brown, Kaufmann, and 
Shepperd, 1999; Fule, Heinlein, Covington, and Moore, 2003), and, in some cases, even 
the season of the fire (Fule et al., 2003).  Stand ages have also been used to reconstruct 
fire history (Floyd, Romme, and Hanna, 2000).  Dendroclimatology also forms the basis 
for reconstructions of climate prior to instrumental records.  For example, compilations of 
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many tree-ring records have been used to reconstruct past variations in precipitation 
(Hughes and Graumlich, 1996; Cook et al., 2004a) and temperature (Biondi et al., 1999). 
 Dendrochronologic studies generally report that fire return intervals ranged from 
three to nine years in ponderosa pine forests in northern Arizona (Fule, Covington, and 
Moore, 1997; Fule et al., 2003).  Fire scars from ponderosa pine forests along the forest-
prairie ecotone in the Black Hills of South Dakota indicate that fire return intervals 
ranged from ten to thirteen years, which is about half of the fire return interval reported 
for interior locations within the forest (Brown and Sieg, 1999).  Miller and others (2001) 
used ecotonal stands of ponderosa pine to estimate fire return intervals of approximately 
ten to twenty years in mountain big sagebrush communities throughout the Great Basin.  
All of these studies indicate a near absence of fire since the late 1800’s and woodland 
expansion and thickening.  In the Colorado Front Range, however, fire-scar studies 
indicate large stand-replacing fires in higher elevation ponderosa pine forests even during 
the relatively cooler interval of the 1800’s (Veblen, Kitzberger, and Donnegan, 2000) and 
widespread fires were recorded in 1786 and 1859 (Veblen et al., 2000).  Widespread fires 
burned in the Black Hills in 1863 (Brown and Sieg, 1999). 
 Studies of lake sediment cores determine fire history using variations in the 
concentration of macroscopic charcoal contained within the core.  Peaks in charcoal 
concentration are used to identify periods of increased fire activity in the local ecosystem 
(Whitlock, 2001).  Analysis of preserved pollen provides data used to characterize 
vegetation types and relative abundances within the surrounding ecosystem.  Vegetation 
characteristics can provide a record of climate conditions in the region.   
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 Lake sediment records from Yellowstone National Park indicate that regional 
climate shifts over the last 17,000 years altered fire activity but did not alter major 
vegetation patterns (Millspaugh et al., 2000).  A similar study conducted in the Klamath 
Mountains of northern California reports variations of both fire activity and vegetation 
patterns in response to climate changes during the last 15,500 years (Mohr, Whitlock, and 
Skinner, 2000).  These studies both indicate that fire activity increases during warm dry 
periods in both lodgepole pine (Millspaugh et al., 2000) and mixed conifer forests (Mohr 
et al., 2000).  
 In contrast, a study conducted at Kettle Lake, North Dakota, indicates that, during 
the late Holocene, grass abundance and fire activity both increased during moist periods 
and decreased during dry periods (Brown et al., 2005).  A study by Mensing and others 
(2006) describes changes in fire activity and vegetation type over the past 5,500 years at a 
permanent spring in central Nevada.  Dry periods were characterized by a shift to salt 
desert scrub vegetation and low fire activity.  Wet intervals were characterized by 
vegetation shifts to Wyoming big sagebrush and increased fire activity.  Fire activity 
reached a peak of approximately one fire per century between 5,500 and 4,700 cal yr BP 
(Mensing et al., 2006). 
 Fire activity has also been reconstructed from charcoal recovered from fire-related 
deposits preserved in alluvial fans (Meyer et al., 1995; Meyer and Pierce, 2003; Pierce et 
al., 2004; Pierce and Meyer 2008).  Fires often increase erosion rates on burned slopes by 
reducing soil cohesion from root strength, which results in soil slips and shallow 
landslides (Meyer, Pierce, Wood, and Jull, 2001).  Fire can also increase erosion rates by 
removing litter and fine vegetation that would otherwise impede the flow of water; this 
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increases both the volume and velocity of the water enabling more rapid erosion of 
sediment (Meyer et al., 2001; Cannon, Bigio, and Mine, 2001b; Meyer and Wells, 1997; 
Moody and Martin, 2001a; Moody and Martin, 2001b).  This eroded sediment forms 
charcoal-rich units on alluvial fans and along stream channels (Meyer et al., 1995; Meyer 
and Wells, 1997). 
 Alluvial fan records from Yellowstone National Park indicate major pulses of 
fire-related sedimentation occurring during the intervals of 3,300 – 2,900, 2,600 – 2,400, 
2,200 – 1,800, and 1,400 – 800 cal yr BP (Meyer et al., 1995).  The last of these intervals 
includes the Medieval Climatic Anomaly.  Earlier events at 4,600 – 4,000, 5,500, and 
7,500 cal yr BP likely represent earlier episodes of large fire occurrence in Yellowstone 
(Meyer et al., 1995).  This record indicates that large fires occur in the lodgepole pine 
dominated forests of Yellowstone during drought events and are unlikely to occur during 
wetter intervals. 
 A further study using alluvial fan sediments described fire history in ponderosa 
pine-dominated forests of central Idaho (Meyer and Pierce, 2003; Pierce et al., 2004).  
This study was able to group fire events into categories for large and small events based 
on sedimentation characteristics.  The resulting two records were compared to climate 
records from the region.  The researchers found that large events resulting from severe 
fires occurred during major drought periods including the Medieval Climatic Anomaly 
(Meyer and Pierce, 2003; Pierce et al., 2004).  Frequent, small events were observed 
during wetter periods, including the Little Ice Age.  This study provides evidence that the 
large, stand-replacing fires occurring in xeric ponderosa-dominated forests are not 
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outside the range of natural variability, but that such fires are the result of climate change 
(Pierce et al., 2004). 
 Management efforts based on studies showing short fire return intervals often try 
to restore pre-settlement conditions by the introduction of fire through prescribed burns 
and other fuel reduction efforts (Schoennagel et al., 2004).  Support for these practices 
generally comes from xeric ponderosa forests common in the Southwest and Sierra 
Nevada, which were characterized by short (10-20 yr) fire return intervals prior to Euro-
American settlement (Fule et al., 1997; Fule et al., 2003; Brown and Sieg, 1999).  The 
1600’s to late 1800’s, however, were also characterized by generally cooler and wetter 
climates of the Little Ice Age (e.g. Lamb, 1977; Miller and Tausch, 2001), and attempts 
to ‘restore’ fire regimes to those characteristics of a cooler and wetter climate may not be 
feasible (Pierce et al., 2004; Pierce and Meyer, 2008).  
 Further evidence for frequent fires in the pre-Euro-American settlement era comes 
from ethnographic studies reporting widespread, frequent burning by Native Americans.  
One author claims “In the Western hemisphere, pre-Columbian people changed the 
landscape nearly everywhere from the Arctic to Patagonia” (Stevens, 1993, quoted in 
Vale, 2002).  However, across the American West, there exists little physical evidence of 
such pervasive use of fire (Vale, 2002) and in most cases burning by Native American 
populations was only a minor factor. 
 
Climate, Vegetation, and Fire Regimes 
 Climate is a major control on vegetation patterns, and vegetation types are a large 
control on fire regimes.  Climate determines the amount of moisture available to plants.  
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Different plants have different moisture requirements, which limit these plants to areas 
with suitable climate (Akin, 1991).  Climate also determines temperatures, which 
imposes another limit on the areas suited to different species (Akin, 1991).  Long-term 
changes in climate produce shifts in the ranges of different vegetation types (Miller and 
Wigand, 1994; Brunelle and Whitlock, 2003; Mensing et al., 2006). 
 Different vegetation types are associated with different fire regimes (Figure 1).  
Fire regimes are described in terms of fire frequency (return intervals) and severity.  
Miller and Tausch (2001) summarized data on fire return intervals for different 
vegetation types.  They found that the minimum fire return intervals (8 – 10 years) 
occurred in ponderosa pine (Pinus ponderosa) communities and that fire return intervals 
increased in both wetter and drier communities.  The increased fire return intervals are 
due to conditions that limit fire spread.   
 Fire severity is another measure of the fire regime and generally describes the 
intensity of the fire in terms of its effects on vegetation.  Low severity fires burn the 
understory and leave the canopy more or less intact (Lewis, Wu, and Robichaud, 2006).  
High severity fires destroy most, if not all, of the vegetation in both the canopy and the 
understory (Lewis et al., 2006).  Because of this, they are often called “stand-replacing” 
fires.  In rangelands, especially in sagebrush-grass communities where shrubs act as a 
canopy and grass as the understory, fire frequency is likely the more important feature of 
the fire regime.  This is because virtually all fires in sagebrush communities can be 
considered stand-replacing (Baker, 2006). 
 Xeric communities are fuel-limited.  These ecosystems exist in dry climates that 
limit the amount of vegetation, and hence the continuity of the fuel load.  Fires generally 
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occur in wet years or following a period of wet years that allow a continuous load of fuel 
to develop (Miller and Tausch, 2001).  Fire return intervals are dependent on the time 
required to develop a continuous fuel load. 
 Wetter communities, such as mixed conifer and lodgepole pine, have moisture-
limited fire regimes.  Fuels are generally too wet to carry a fire, and large fires may occur 
during periods of drought (Meyer and Pierce, 2003; Schoennagel et al., 2004). 
 
 
Figure 1:  Mean Fire Return Intervals Reported in Western Ecosystems.  Note that 
sagebrush rangelands are on the fuel-limited side and most forests are on the moisture-
limited side.  Ponderosa pine is near the center and experiences fire return intervals that 
range over nearly two orders of magnitude. 
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 Changes in vegetation, especially the invasion of cheatgrass (Bromus tectorum) 
and other fire-adapted annuals, may increase fire frequency (Miller and Tausch, 2001; 
Stewart and Hull, 1949; Brooks et al., 2004; Knick, Holmes, and Miller, 2005).  The 
resulting shorter fire return intervals may not allow enough time for recovery of 
sagebrush ecosystems (Brooks et al., 2004; Miller and Tausch, 2001; Stewart and Hull, 
1949).  Cheatgrass ripens and dries out earlier in the year (Pellant, Abbey, and Karl, 
2004), increasing the length of the fire season.  Cheatgrass also creates a more continuous 
fuel load than do native grasses and forbs.  Continuous fuel loads increase the ability of 
fire to spread, resulting in larger fires (Romme et al., 2008).  Cheatgrass readily colonizes 
disturbed areas (Young and Evans, 1978; Stewart and Hull, 1949). 
 Changes in fire regimes can cause changes in vegetation.  Invasion by cheatgrass 
results in removal of sagebrush because fires become too frequent to allow sagebrush and 
other perennial shrubs to establish (Pellant et al., 2004; Brooks et al., 2004).  Land use 
changes that promote longer fire return intervals may result in succession to juniper 
woodlands (Miller and Tausch, 2001; Miller and Wigand, 1994; Burkhardt and Tisdale, 
1976). 
 Diaries from the early settlers on the Oregon Trail describe the Snake River Plain 
as a “sea of sagebrush” (Yensen, 1982).  With increased traffic along the emigrant trails, 
surrounding areas soon became overgrazed.  Further overgrazing occurred as the cattle 
and sheep industries expanded in the 1860’s to support the various mining ventures 
(Yensen, 1982) and then again in the 1880’s with the completion of the transcontinental 
railroad.  Cheatgrass was introduced into the Great Basin in the 1880’s, and Stewart and 
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Hull (1949) report that it was the dominant vegetation on over 4 million acres in Idaho 
and present on another 17 million acres by 1949. 
 In many areas of the Great Basin, pinyon and juniper woodlands have been 
encroaching onto sagebrush rangelands (Miller and Wigand, 1994; Miller and Tausch, 
2001; Burkhardt and Tisdale, 1976).  Reductions in fire frequency are a commonly cited 
cause (Miller and Wigand, 1994; Miller and Tausch, 2001; Burkhardt and Tisdale, 1976).  
Miller and Wigand (1994) argue that the rapid rate of juniper expansion in historic times 
is best attributed to several combined factors.  Wetter than average climate with mild 
winters during the late 1800’s and early 1900’s provided ideal conditions for juniper 
establishment.  Grazing reduced the quantity of grass, which the conditions were ideal 
for, and thereby reduced the occurrence of fire.  Without fire, juniper was able to freely 
expand its range. 
 
Geomorphic Responses to Fire 
 Interpreting sedimentary records of geomorphic responses to past fires, requires 
an understanding of modern responses to fire and characteristics of modern fire-related 
deposits.  At the hillslope and watershed scales, fires produce responses ranging from 
increased flood discharges to debris flows and slope failures (Cannon and Reneau, 2000; 
Cannon, 2001; Meyer et al., 2001).  Fire removes vegetation and litter that would 
otherwise impede the flow of water, resulting in greater runoff volumes (Pierson, 
Robichaud, and Spaeth, 2001).  Fires can also produce water-repellent soils, which 
further increase runoff by decreasing infiltration (DeBano, 2000; Pierson et al., 2001; 
Luce, 2005; Benavides-Solario and MacDonald, 2001).  Increased runoff following fire is 
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accompanied by increased erosion of sediment.  Cannon (2001) determined that 
sediment-laden floods were the most common geomorphic response following fire. 
 Two primary mechanisms initiate post-fire debris flows.  The first mechanism of 
‘progressive sediment bulking’  is most common immediately following fire.  Decreased 
infiltration on hillslopes following fire leads to increased surface runoff.  Loose sediment 
and ash from hillslopes are progressively added into the surface runoff from small rills 
and gullies, which coalesce downslope to generate a debris flow (Meyer and Wells, 1997; 
Cannon et al., 2001b; Cannon, Kirkham, and Parise, 2001a).  The second mechanism of 
‘saturation failure’ results when en-masse failure of hillslope colluvium  provides sudden 
addition of a large amount of sediment to first or second-order stream channels. While 
this can occur on both burned and unburned slopes, loss of cohesion due to rotting of root 
systems on burned slopes increases the likelihood of this process on burned, previously 
forested slopes over unburned forested slopes (Cannon et al., 2001b; Shaub, 2001). 
 
Fire-Related Deposits 
 Debris flows are characteristically massive units of unsorted sediment with larger 
clasts supported within a fine-grain matrix.  Because debris flows have a yield strength, 
they often include much larger clasts that would otherwise not have been moved (Meyer 
and Wells, 1997; Boggs, 2001; Cannon, 2001).  
 Sheetflood deposits are characterized by alternating layers of finer and coarser 
sediments (Meyer and Wells, 1997; Boggs, 2001).  Depending on hydraulic conditions 
and available sediment sizes, grain sizes range from fine sands to cobbles.  As a whole, 
the deposits are poorly sorted, but individual layers tend to be moderately- to well-sorted 
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depending on grain-size.  As is typical of water-lain sediments, sheetfloods are clast 
supported and lack a matrix of finer sediment. 
 Slackwater and floodplain sediments are fine grained, well- to very well-sorted 
sediments deposited in low-energy environments (Boggs, 2001).  Slackwater deposits 
occur as massive units while floodplain sediments are often finely laminated by the 
deposition of sediment from many individual flood events. 
 Streamflow deposits are typically well-sorted sediments ranging from sands to 
cobbles (Boggs, 2001).  These sediments are also clast supported and lack any finer 
matrix.  A number of different sedimentary structures are diagnostic:  channel forms, 
imbrication, low-angle cross-beds, and a general fining upwards sequence within each 
sediment packet. 
 Hyperconcentrated flows resemble debris flows except that they lack the fine silt 
and clay size fractions (Meyer and Wells, 1997).  They tend to be masses of unsorted, 
clast-supported sediment, often with a sandy matrix.  Clast sizes range from sands to 
cobbles. 
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STUDY AREA 
 
Location 
 The study area is located in the northern end of the Danskin Mountains, southeast 
of Boise, Idaho (Figure 2).  The study area includes the Wood Creek watershed and a 
small portion of the upper Blacks Creek watershed.  Sampling locations are shown in 
Figure 3.  The study area is 25.9 km2 and has a  mean elevation of 1,347 m and 547 m of 
relief.  Slopes range from 5° to 55° with steeper slopes concentrated on northerly aspects. 
 
Climate 
 Information from two weather stations in the Dry Creek Experimental Watershed 
(DCEW), located 30 km to the northwest, describes the modern climate in the study area.  
These two sites span an elevation range similar to that of the study area.  Both of these 
weather stations indicate hot, dry summers and cold winters during which most of the 
annual precipitation falls.  At the higher elevations, snow may persist through the coldest 
months, but snow generally does not persist at lower elevations.  Annual precipitation 
ranges from 37.25 cm at the lower elevations (Lower Weather Station, n.d.) to 57 cm at 
the higher elevations (Treeline, n.d.). 
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Figure 2:  Map Showing the Location of the Wood Creek Study Area (red polygon).  
Historic trails are also shown. 
 
 
 Climate data from several sites around the region were also used to describe 
modern climate within the study area (Western Regional Climate Center, 
www.wrcc.dri.edu; Appendix A).  Since elevation is a primary control on precipitation 
and temperature in mountainous regions, differences between the elevations of the 
climate recording stations and the mean elevation of the study area provided a weighting 
factor to compensate for elevation differences.  An inverse-distance approach was used to 
provide approximate conditions at the mean elevation of the study area (Figure 4).  
 
 22
Geologic Setting 
 The study area is underlain by granite and granodiorite of the Idaho Batholith 
(McCarthy and Kiilsgaard, 2001; Bennet, 2001).  The extensive batholith covers ~41,000 
km2 in central Idaho and western Montana, and K-Ar and Rb-Sr dating of the large 
southern Atlanta lobe of the batholith indicates it was intruded between 95-65 Ma 
(Kiilsgaard, Stanford, and Lewis, 2001).  These Cretaceous-aged rocks weather quickly 
to grus, a coarse sand – fine gravel mix of disaggregated material.  The abundant grus 
provides large amounts of readily erodable sediment that deeply mantle the hillslopes 
within the study area. 
 Several dikes cut the batholith in this area generally striking N 70° – 83 E° and 
dipping toward the south (Bennett, 2001).  These dikes are composed of rhyolite, dacite 
porphyry, or lamprophyre (Bennett, 2001).  Mineralized quartz veins associated with the 
dikes provide the source rock for the Neal Mining District, which lies near the saddle 
between Blacks Creek and Wood Creek (Bennett, 2001).  The district extends along the 
strike of the dikes into the Bender Creek drainage immediately south of Wood Creek. 
 Wood Creek empties into Willow Creek, which drains from SE to NW.  The 
location of the Willow Creek valley appears to be controlled by the presence of the 
Willow Creek Fault.  Bennett (2001) maps the Willow Creek Fault and another set of 
faults in this area that appear to be conjugate faults.  These conjugate faults may provide 
some structural control on the locations of Wood Creek, Bender Creek, and Rattlesnake 
Creek, which all trend toward the northeast.  
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Figure 3:  Shaded Relief Topographic Map of the Study Area Showing Site Locations 
within the Study Area.  Sites ST1 – ST7 are located in Wood Creek.  Site ST7 is a small 
alluvial fan; ST4 contains fan sediments that have prograded over the axial stream 
floodplain.  Site ST8 (upper Blacks Creek) may also be an alluvial fan, though the road 
makes this difficult to determine by obscuring much of the lower hillslope.  The other 
sites are stream terrace locations. 
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Figure 4:  Monthly Climate Statistics.  Top:  Mean monthly high, average, and low 
temperatures.  Bottom:  Mean monthly precipitation and snowfall.  Data compiled from 
regional climate summaries (Western Regional Climate Center, www.wrcc.dri.edu; 
Appendix A). 
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Vegetation 
 Shrub and grass communities make up 93% of the land area within the study area 
(Figure 5).  Shrub and grass communities vary by aspect within the study area with xeric 
communities dominant on south-aspect slopes and mesic communities on northerly 
aspects (Figure 6).  Xeric communities are dominated by big sagebrush (Artemisia 
tridentata) and bitterbrush (Purshia tridentata) with an understory of cheatgrass (Bromus 
tectorum) and bunchgrasses.  Mesic communities include serviceberry (Amelanchier 
alnifolia), rocky mountain maple (Acer glabrum), several species of currant (Ribes sp.), 
big sagebrush, and possibly chokecherry (Prunus virginiana).  The remaining seven 
percent consists of aspen (Populus tremuloides) stands, riparian corridors dominated by 
willow (Salix sp.) and, at lower elevations, cottonwood (Populus sp.), ponderosa pine 
(Pinus ponderosa), and Douglas fir (Pseudotsuga menziesii) stands, in descending order 
of abundance. 
 The rangeland – forest ecotone separates conifer forests from the sagebrush- and 
grass-dominated rangeland.  This ecotone contains the lower treeline, below which trees 
are generally absent and above which trees are generally dominant (Akin, 1991).  As 
such, this transitional zone may be quite narrow or it may be quite broad, depending on 
topography, and varies available moisture and aspect (Akin, 1991).  The location of this 
zone, therefore, is sensitive to changes in climate; warmer, drier climates cause the lower 
tree-line to move to higher elevation while cooler, wetter climates create favorable 
conditions for conifers at lower elevations (Miller and Wigand, 1994). 
 Conifer stands in this study area are restricted to north to northeast aspect slopes 
that are cool and moist compared to the rest of the study area.  Three stands of Douglas 
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fir exist between 1,160 m and 1,300 m; small stands of Douglas fir are found at similar 
elevations in the adjacent Bender Creek drainage to the south of the study area.  Small 
stands of ponderosa pine can be found below 1,160 m in this study area, though isolated 
groups exist up to 1,580 m along the eastern drainage divide.  In adjacent drainages, 
conifers are restricted to moist, northerly aspect sites and valley bottoms.  Conifers are 
more abundant to the east in the Willow Creek and South Fork Boise River drainages.  
 
Land Use and Historic Fire 
 Several mines were in operation in the watershed between 1889 and the late 
1930’s and again between the mid-1980’s until 1991 (Bennett, 2001).  The land has been, 
and still is, used for livestock grazing.  Grazing likely began during the 1840’s as settlers 
traveled the Oregon Trail, which passes to the southwest.  By the 1850’s, settlers would 
often need to drive their livestock several miles from the trail in order to find suitable 
grazing land as anything closer was already overgrazed (Yensen, 1982).  Cattle ranching 
began in the 1860’s to support the gold and silver rushes in the area; sheep ranching did 
not expand until the 1880’s (Yensen, 1982).  Now the area provides recreational 
opportunities including off-highway vehicle use on specified trails south of Blacks Creek 
Road. 
 Most of the study area burned in 1926 (Strom, Nutt, McConnaughey, and 
Lancaster, 1998), and portions of the upper Blacks Creek drainage burned in 1943 
(Bureau of Land Management, 2004).  Fires burned all of the study area during 1992 at 
low to moderate severity (Bureau of Land Management, 2004; Strom et al., 1998).  
Figure 7 shows the extent and years of fires in the northern Danskin Mountains.  A small 
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fire during July of 2007 burned north-facing slopes in the Wood Creek drainage from just 
above the Bender Creek Trailhead to the confluence with Bender Creek and areas to the 
south in the Bender Creek, Flat Creek, and Jack Creek drainages.  Within one year of this 
fire, numerous sheetflood deposits were noted at the mouths of burned sub-basins in the 
Bender Creek drainage.  These deposits were especially prominent in north-facing basins.  
Evidence of flood events were also noted along the mainstem floodplain of Bender 
Creek. 
 
Figure 5: Vegetation Communities in the Wood Creek Study Area.  Vegetation was 
mapped on 1 m digital imagery from the National Agricultural Imagery Program (NAIP) 
acquired in 2004, shown in map above.  Ninety-three percent of the study area has been 
mapped as shrub-grass communities. 
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Figure 6:  Vegetation Classification for the Wood Creek Study Area and Surrounding 
Areas.  Classification derived from LandSat 7 ETM+ data acquired on 2 June 2000.  
Mapping shown in Figure 5 was used to train the classification. 
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Figure 7: Map of Historic Fires in the Northern Danskin Mountains.  Major fires 
occurred in 1992 (Foothills and Grouse Creek fires), 1926, and the 1940’s (Strom et al., 
1998). 
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METHODS 
 
 In order to determine the history of geomorphic response to fire, charcoal 
fragments were collected from sedimentary deposits at eight locations and the deposit 
characteristics at these locations were described. Since charcoal was produced during past 
fires, radiocarbon ages provide a record of the timing of past fires in the watershed.  
Charcoal fragments were dated using Accelerator Mass Spectrometry (AMS) 14C 
methods at the University of Arizona AMS Laboratory.  Since vegetation type and extent 
have changed with changes in Holocene climate, and since fire regimes are controlled by 
fuel type (e.g. forest vs. grasslands), charcoal fragments were identified to determine the 
type of vegetation burned in the fire.  Samples of floodplain sands were also collected 
and dated using optically stimulated luminescence (OSL) techniques to evaluate the 
accuracy of the charcoal ages, to provide age control for deposits where charcoal 
fragments are absent, and to establish rates of aggradation and incision in the study area.  
The fire response history is then compared to other independent Holocene climate 
reconstructions from the region to examine relationships between climate and fire. 
   
Field Methods 
 Stratigraphic descriptions of the sedimentary characteristics of fire-related 
deposits (e.g. texture, clast size, sorting) allow identification of the type of geomorphic 
process (e.g. sheetflood, debris flow, overbank flood) that produced the event (Table 1, 
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Figure 8).  Stratigraphic descriptions are necessary for several reasons.  First, correct 
interpretation of depositional unit continuity and unit boundaries is needed to identify the 
number of different fire-related events, and to collect charcoal samples from different 
fire-related events.  Second, the type of geomorphic process may provide information 
about the severity of the fire.  For example, high-severity, stand-replacing fires often 
result in large debris flow events, while lower-severity surface-fires often result in 
sheetfloods or thin debris flow events (Pierce et al., 2004). 
 Charcoal samples were collected from the deposits using a soils knife and placed 
in plastic bags for transport.  The stratigraphic depth of each sample was recorded along 
with the unit descriptons so samples could be related to their respective deposits.  Sand 
samples for OSL dating were collected in metal tubes to prevent exposure to light 
(Rittenour, Goble, and Blum, 2003).  Surrounding sediments were collected in plastic 
bags for geochemical analysis (to estimate radiation dose rate), and a small sample was 
collected in an airtight container to determine soil moisture content (also important for 
dose rate estimation). 
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Table 1:  Deposit Types and Associated Deposit Characteristics Used for Identification. 
Deposit Type 
Grain 
Size(s) Sorting Texture / Structure Support Matrix 
Slack-
water/Floodplain 
Fine sand / 
silt / clay 
Very well Finely laminated / massive Clast None 
Stream-flow Sand / 
gravel / 
cobble 
Well Channel forms, imbrication, 
crossbedding, fining 
upwards 
Clast None 
Sheetflood Sand / 
gravel / 
cobble 
Moderate 
(well within 
layers) 
Alternating fine and coarse 
layering 
Clast None 
Hyper-concentrated 
flow 
Sand / 
gravel / 
cobble 
Poor Massive Clast Sand 
Debris flow Clay - 
boulder 
Very poor Massive Matrix Sand / 
Silt / Clay
 
 
Charcoal Identification 
 We identified vegetation types by comparing charcoal macrofossils with modern 
examples and with photographs and anatomical descriptions (Table 2) from the Crow 
Canyon Archeological Center (Adams and Murray, 2004).  Identification of charcoal 
macrofossils yields some information on what vegetation types were present at the time 
of the fire.  While this is in no means a large enough sample to determine the composition 
of the vegetation communities present, it does indicate that some types were present.  The 
lack of charcoal from a certain species does not preclude its presence; however, species 
that are more common on the landscape are also generally more likely to be represented 
in charcoal samples.  Some inference of changes in vegetation can then be made based on 
charcoal identifications. 
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Figure 8:  Examples of Different Deposit Types Exposed in the Cutbank at ST4.  Units 
A, D, F1, and F2 are debris flow units; units B and E are sheetflood deposits; units C and 
G are floodplain deposits.  Black bars on large yellow tape are 2 cm in width and on 10 
cm centers. 
 
 
Dating Methods 
 Charcoal fragments were dated using AMS 14C methods at the AMS facility at the 
University of Arizona.  Prior to dating, the samples were treated with an Acid-Base-Acid 
treatment to remove carbonate material and humic acids that may contaminate the 
charcoal following the protocol available from the lab.  Radiocarbon ages were calibrated 
into conventional calendar years (cal yr BP) using the CALIB 5.0.1 program (Stuiver and 
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Reimer, 1993) and the intcal04.14c calibration data set (Reimer et al., 2004).  While 
radiocarbon dates usually have a resolution of approximately 100 years (28 – 433 years, 
average of 113 years, for this study), output from the calibration of the radiocarbon dates 
consists of a data set describing the probability that any particular year is the correct date 
for the sample.  Annual probability sums from each age were then summed into a single 
record.  Peaks in this data mark episodes of fire and geomorphic response.   
Ages reported in the text of this study are calibrated ages using the 1-sigma age 
ranges, unless otherwise noted.  In cases where there are multiple possible age ranges, the 
age range with the highest probability (largest percent area under the calibrated curve) is 
reported; for simplicity, the age range reported in the text includes significant gaps 
between multiple age ranges.  Dates of events are also given as approximate central dates 
for the calibrated peak where age ranges are not given (Table 3). 
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Table 2: Vegetation Types Identified in this Study and Characteristics Used for 
Identification. 
Vegetation Type 
Common Name Scientific Name
Ring Pattern Vessels Resin Canals Ring Boundaries
Sagebrush Artemisia Semi-ring 
porous 
Small, 
concentrated 
along early- and 
late-wood 
boundaries 
Absent Distinct with 
cork tissue 
present 
Ponderosa Pinus ponderosa Other, conifer Absent Abundant, 
mostly in late 
wood 
Distinct 
Willow / Aspen / 
Cottonwood 
Salix / Populus Diffuse to 
Semi-ring 
porous 
Evenly 
distributed, 
densely spaces, 
larger in early 
wood, may or 
may not be in 
groups 
Absent Distinct but 
thin 
Douglas Fir Pseudotsuga 
menziesii 
Other, conifer Absent Few, small, 
irregular 
distribution 
Distinct with 
abrupt early- 
to late-wood 
transition 
  
  
 OSL samples were dated at the Utah State University Luminescence Laboratory 
using an established protocol (Rittenour et al., 2003).  Samples were sieved to isolate the 
90 – 150 µm size fraction.  Baths using hydrochloric acid and hydrogen peroxide were 
used to remove carbonates and organics from the sample. Mafic minerals were then 
removed from the sample using a heavy liquid (sodium polytungstate) to float the lighter 
quartz and feldspar grains.  Following the floating step, feldspars were removed using 
hydrofluoric and fluorosilicic acids.  This step also etches the quartz grains prior to 
dating.  Samples were dated using the Single Aliquot Regenerative (SAR) dose protocol 
(Murray and Wintle, 2000, 2003; Wintle and Murray, 2006). 
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Comparisons to Climate Reconstructions 
 Because Holocene climate change (especially past wet or dry intervals) is an 
important control on past fire occurrence, our record of responses to fire was compared to 
climate reconstructions to determine relative climate conditions at the time of the fire.  
Cook and others (2004a) reconstructed the Palmer Drought Severity Index (PDSI) for the 
last ~2,000 years from tree-ring chronologies throughout the western U.S.  PDSI is a 
measure of available moisture, and negative values indicate drought conditions.  The 
reconstructed drought data is presented on a 2.5-degree grid (Figure 9). Because the 
Wood Creek study area is located near the center of the square formed by four gridpoints 
(numbers 56, 57, 69, and 70), an inverse-distance weighted average of the four gridpoints 
was used.  This resulting reconstruction extends to 1,951 cal yr BP, and has an annual 
resolution. 
 Averages of PDSI values were calculated as measures of drought conditions 
during different intervals of time.  Means were calculated for the entire period of record 
(record average), each of the four major climate periods (climate period average), and for 
the time interval covered by each calibrated radiocarbon sample (sample period average).  
Calculation of the sample period average only includes years that have a non-zero 
probability in the calibrated radiocarbon age. 
 A sample weighted average PDSI value was also calculated for each sample to 
determine if conditions at the most likely (most probable) time of the fire were likely 
wetter or drier than indicated by the sample period average (Figure 10).  This average 
was calculated as: 
 ∑in pI (1) 
 37
where p is the annual probability taken from the calibrated radiocarbon age, I is the 
reconstructed PDSI value for the corresponding year, and i and n describe the range of 
years included in the calibrated radiocarbon age.   
 
 
Figure 9:  PDSI Reconstruction Gridpoints.  Gridpoints 56, 57, 69, and 70 were used for 
this study. 
 
 
 The sample weighted average was compared to the sample period average; if the 
sample weighted average is more negative than the sample period average, it is more 
likely that the fire occurred in a year with drier conditions than indicated by the sample 
period average.  The sample period average was compared to the climate period average 
and the record average to determine if the period in which the fire occurred was wetter or 
drier than the surrounding periods of time. 
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 Microsoft Excel was used to calculate the standard deviations from the mean of 
the PDSI time series reconstruction as a measure of climate variability.  Standard 
deviations were calculated for the entire record, for each climate period, and for each 
sample period. 
 
GIS and Remote Sensing 
 Modern vegetation distributions and basin characteristics were mapped using 
Geographic Information Systems (GIS) and remotely sensed data. Mapping of current 
vegetation within the study area was done in ArcMap from National Agriculture Imagery 
Program (NAIP) 1 m resolution imagery at scales between 1:1000 and 1:5000, depending 
on the complexity of the vegetation patches being mapped.  Identification of vegetation in 
the field at various locations provided data that allowed vegetation types to be identified 
at broader spatial scales in the NAIP imagery.  Vegetation was also mapped from Landsat 
ETM+ data acquired on 2 June 2000.  This data was classified using a minimum-distance 
classification with training regions based on the NAIP imagery mapping.  This allowed 
vegetation to be quickly mapped over a much larger area.  The classification was also 
able to distinguish between xeric and mesic shrub-grass communities.   
 The course of Wood Creek was also mapped from the NAIP imagery; this stream 
course was combined with a 30 m resolution DEM to create a longitudinal profile of 
Wood Creek.  This profile has several abrupt changes in it due to the low resolution.  A 
30 m DEM does not have the detail to capture a narrow, incised channel, so some data 
points are in the channel and others are on the adjacent terraces; this results in a less than 
smooth profile. 
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 Sampling locations are also mapped in GIS along with their respective basin 
contributing areas.  By clipping the vegetation layer to the contributing area, the relative 
percentage of each vegetation type can be calculated for each sampling site.  
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Figure 10:  Examples Showing Relationships between Probability Distributions and 
PDSI Averages.  An artificial, normal probability distribution was generated for 
simplification.  PDSI values used are reconstructed values for the years shown.  Dates are 
given in years AD.  Top:  Sample Weighted Average indicates wetter conditions likely at 
time of fire.  Bottom:  Sample Weighted Average indicates drier conditions likely at the 
time of the fire. 
 41
 
 
RESULTS 
 
Fire-related Deposits and Macrofossil Identification 
 Twenty-five charcoal samples from eight locations record fire-related 
sedimentation on alluvial fans and on floodplains (Table 3).  Forty-nine percent of the 
samples came from debris flow deposits and 31% came from slackwater or floodplain 
deposits.  The remaining 20% were from channel (12%), sheetflood (4%), and burned 
floodplain surface (4%) deposits.  While debris flows in other regions are often observed 
to contain large clasts (e.g. Meyer and Wells, 1997; Meyer and Pierce, 2003; Cannon, 
2001), such large clasts are rarely available in Wood Creek and so are uncommon in 
deposits.  Slackwater and floodplain deposits often contain hydrodynamically 
concentrated charcoal-rich layers.  Five of the sampling sites are terraces, one is an 
alluvial fan, and two sites contain mixed sediments where alluvial fans have prograded 
over floodplains. 
 Identification of charcoal macrofossils indicates that 21% of the samples 
contained sagebrush charcoal, 21% contained charcoal from deciduous species (mostly 
willow and aspen types), and 25% of the samples contained charcoal from conifer 
species.  The remaining 33% of the samples contained charcoal that could not be 
identified either because the pieces were too small or because the grain structure was not 
preserved.  Charcoal from sagebrush and deciduous species was most commonly 
 42
associated with slackwater/floodplain and debris flow deposits.  Conifer species were 
most commonly associated with debris flow and channel deposits. 
 
Charcoal Ages and Fire Response Activity 
 Three major periods of fire-related sedimentation are identified in the charcoal 
dating results:  4,400 – 4,000, 2,000 – 1,400, and 650 – 300 cal yr BP (Figure 11).  
Within the Wood Creek study area, fire-related alluvial deposits were found in both 
alluvial fans and in stream deposits.  Deposits types include debris flows, sheetfloods, 
overbank flood deposits, and streamflow deposits.   
 No identifiable sagebrush older than 2,350 cal yr BP was found; vegetation types 
identified prior to this date are deciduous species and conifers.  This does not necessarily 
mean that sagebrush was not present, since sagebrush charcoal identified in sediments 
tends to occur as smaller fragments than other vegetation types and simply may not have 
been preserved in identifiable condition. 
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Table 3:  Radiocarbon Dates and Macrofossil Identification for Individual Charcoal 
Fragments.  Analytical age is given in 14C years before present; calibrated age ranges are 
given in calendar years before present with starting and ending dates for each range 
(Stuiver and Reimer, 1993).  Percent area describes the probability that the corresponding 
age range is the correct age. 
Analytical Age Calibrated Age Ranges (1 Sigma)Sample Deposit Type Macrofossil 
ID Age +/- Start End % Area 
4094 4121 22.0701% 
4144 4193 40.6861% 
ST1-0 Slack-water Deciduous 3790 37 
4195 4235 37.2438% 
4163 4167 2.0643% 
4181 4198 9.4478% 
4231 4300 47.3161% 
4313 4315 1.0040% 
4325 4356 18.9890% 
ST1-1 Slack-water Deciduous 3857 42 
4367 4405 21.1787% 
3989 4044 51.6836% 
4069 4096 23.9749% 
ST1-2 Slack-water Deciduous 3723 36 
4118 4145 24.3395% 
* -1 19 21.3055% 
145 155 10.0657% 
166 215 50.1982% 
ST2-1 Debris Flow Sage 181 32 
267 284 18.4306% 
333 353 23.4051% ST2-2 Slack/Channel Ponderosa, 
Doug Fir, 
Deciduous 
379 33 
434 500 76.5949% 
* 0 4 4.3644% 
153 169 32.3899% 
ST2-3 Debris Flow Doug Fir, 
Sage 
240 32 
282 308 63.2456% 
4097 4117 15.6060% ST3-1 Channel Conifer 3796 37 
4146 4237 84.3940% 
ST3-2 Slack-water Sage 455 33 498 525 100.0000% 
563 590 53.8531% ST3-3 Debris Flow Doug Fir, 
Sage 
654 33 
640 664 46.1469% 
552 565 19.1830% 
587 613 40.5311% 
ST4-1 Debris Flow Deciduous 603 33 
618 644 40.2859% 
1570 1583 10.8959% 
1599 1636 37.7406% 
ST4-2 Sheet Flood Conifer 1725 34 
1646 1694 51.3635% 
1825 1897 98.9703% ST4-3 Debris Flow Conifer 1923 34 
1915 1915 1.0297% 
1830 1845 16.2822% ST4-4 Debris Flow No ID 1937 34 
1863 1925 83.7178% 
2158 2251 75.3748% ST4-5 Slack-water Sage 2233 46 
2299 2329 24.6252% 
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Table 3 (continued):  Radiocarbon Dates and Macrofossil Identification for Individual 
Charcoal Fragments.  Analytical age is given in 14C years before present; calibrated age 
ranges are given in calendar years before present with starting and ending dates for each 
range (Stuiver and Reimer, 1993).  Percent area describes the probability that the 
corresponding age range is the correct age. 
Analytical Age Calibrated Age Ranges (1 Sigma)Sample Deposit Type Macrofossil 
ID Age +/- Start End % Area 
536 560 42.8271% ST5-2 Debris Flow No ID 567 34 
599 631 57.1729% 
ST5-3 Debris Flow No ID Post Bomb1 Post Bomb1 
334 349 16.1211% 
439 446 6.2819% 
ST5-4 Burned 
Floodplain 
Surface 
No ID 394 34 
452 505 77.5970% 
343 346 2.3350% ST5-6 Slack-water No ID 412 32 
463 510 97.6650% 
3065 3482 97.9248% ST6-1 Debris Flow No ID 3100 170 
3538 3552 2.1752% 
2957 3264 97.0290% ST6-3 Debris Flow No ID 2950 120 
3306 3318 2.9710% 
1153 1155 1.8031% ST7-1 Debris Flow No ID 1262 44 
1171 1274 98.1969% 
796 835 41.8198% 
838 875 39.3293% 
ST7-2 Debris Flow Sage 931 33 
893 910 18.8509% 
1408 1424 17.7724% 
1429 1444 15.5769% 
ST8-1 Debris Flow Ponderosa + ? 1561 34 
1457 1516 66.6507% 
ST8-2 Debris Flow Deciduous 1844 35 1731 1821 100.0000% 
6503 6569 57.7462% ST8-4 Slack-water No ID 5764 41 
6583 6631 42.2538% 
1 Post bomb indicates the sample age is after 0 cal yr BP (1950 AD). 
 
OSL Ages 
 Four OSL samples were collected, three of which came from sites where charcoal 
was also collected.  One of the OSL samples (USU-159) was collected from deposits 
within a fluvial terrace of Wood Creek, approximately 10 m above current bankfull level.  
This sample returned an age of 20.53 ± 2.04 ka, though when the sample was opened in 
the lab it did not appear to be as well sorted as the exposed surface where it was sampled.  
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This brings in the question of colluvial contamination and partial bleaching, which would 
make the sample appear to be older than its true age. 
 Sample USU-157 comes from a floodplain deposit at the base of site ST-4 and 
corresponds to sample ST4-5.  The age of this deposit is 2.09 ± 0.27 ka; the charcoal 
samples are slightly older (Sample ST4-5 [2,158 – 2,251, 2,299 – 2,329 cal yr BP]), but 
were taken from slightly lower in the floodplain unit.  The stratigraphic agreement 
between the charcoal and OSL ages indicates both dating methods are robust for this 
environment.   
 
 
Figure 11:  Annual Probability Sums from all Calibrated 14C Dates in This Study.  
Numbers above peaks correspond to other figures and discussion.  Peaks 3 – 5, 8 – 10, 
and 13 represent the three major activity periods.  As is standard with radiocarbon ages, 
the ‘present’ is defined as 1950 AD.  
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 Sample USU-158 is from a sandy deposit marking the top of a 2.5 m terrace.  This 
unit overlies units that contain charcoal dated to between 500 and 150 cal yr BP.  The 
OSL age returned, using a minimum age model and peak fitting, is 0.09 ± 1.48 ka, which 
fits the stratigraphy at the site.  This sample provides a maximum age for the incision 
along Wood Creek, which must have occurred after deposition of this unit (after 
approximately 90 years ago). 
 Sample USU-160 (6.10 ± 0.71 ka) is from a floodplain unit overlain by a 10 cm 
thick debris flow and then another floodplain deposit containing charcoal dated to 
between 6,500 and 6,630 cal yr BP (Sample ST8-4).  The age of this lower floodplain is 
within the range of error for the charcoal samples.  This indicates that these units are 
either 1) multiple phases associated with the same fire-related deposition event, 2) 
multiple sedimentation events mobilizing charcoal in watersheds produced during the 
same fire, or 3) represent several fires (and several fire-related sedimentation events). 
 
Unit Correlations and Depositional History 
 A number of stratigraphic units are coincident in time, so correlation between 
deposits based on age and on deposit characteristics is possible within the Wood Creek 
watershed.  Some correlations are quite apparent; a single, approximately 120 m cutbank 
exposure contains a debris flow (around 295 cal yr BP) which is dated at ST2 and caps 
both ST1 and ST3.  Stratigraphic correlations at larger spatial scales can also be made 
(Figure 12), which allows us to expand interpretations of fire-related deposits in this 
watershed and develop a record of Holocene aggradation and incision along this section 
of Wood Creek.   
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 Fluvial and floodplain deposition along greater than 3 km (approximately one-
third of the total stream length) occurred prior to about 2,160 cal yr BP.  At least one 
meter of sediment was deposited at sites ST1 and ST3 between 4,405 and 3,990 cal yr 
BP.  Deposition of floodplain sediments occurred between 3,500 and 2,950 cal yr BP at 
site ST6.  The base of the section at site ST4 is a floodplain that contains sediment 
deposited between 2,330 – 2,160 cal yr BP. 
 
Figure 12:  Stratigraphic Correlations within the Wood Creek Watershed.  These sites 
contain stream sediments and show correlations throughout the watershed.  Ages are 
given in cal yr BP to the right of the corresponding deposit.  Sites ST3 and ST1 have 
continuous exposure, so units can be traced directly between these sites.  Solid lines 
indicate the correlation is made by direct tracing of units, long dashes indicate correlation 
through coincident dates, short dashes mean the units may be correlated.  Inset graph 
shows the locations of the sampling sites along the profile of Wood Creek.  
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 Site ST4 records the deposition of two charcoal-rich debris flows between 1,925 
and 1,825 cal yr BP; two debris flow units at site ST1 may also have been deposited at 
this time.  Site ST4 also records a period of sheetflooding following the two debris flows.  
The upper portion of the sheetflood deposit is charcoal rich and was deposited following 
a fire that occurred between 1,695 – 1,570 cal yr BP. 
 The next set of stratigraphic units record widespread debris flow activity between 
665 and 535 cal yr BP.  These deposits are present at ST3, ST4, and ST5, and there is an 
undated unit at ST1 that most likely is the same as that at ST3.  Immediately above these 
units at ST3 and ST5 are floodplain deposits that date to between 525 and 500 cal yr BP.  
These floodplain units might correspond to the upper floodplain deposit at ST6. 
 Site ST5 records several fire events between 510 and 335 cal yr BP.  The first fire 
is recorded by the lower floodplain; the date on this is 510 – 345 cal yr BP (sample ST5-
6) yet this unit can be tied to the peak in the probability distribution at about 500 cal yr 
BP.  The second fire burned vegetation that was growing on the floodplain, which 
produced a burned buried soil surface.  The fire that burned this surface likely also 
burned the surrounding area, which resulted in the deposition of the two units, a pulse of 
sand and a charcoal rich debris flow, immediately above the burned surface.  This fire 
may also have resulted in the pulse of sheetflooding recorded at site ST4.  The third 
possible fire is recorded by charcoal in the upper floodplain deposit, though this unit 
could also have been deposited as a result of the second fire.  The final fire in this 
sequence is recorded as a second burned surface.  This burned surface dates to between 
505 and 335 cal yr BP (sample ST5-4), though most likely corresponds to the probability 
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peak at about 345 cal yr BP.  This implies a fire return interval between 40 and 60 years 
during this period. 
 Sites ST3 and ST1 are capped by a single debris flow dating from 285 – 0 cal yr 
BP.  This unit may correspond to the upper-most debris flow at ST4 and possibly to the 
upper unit at ST6.  The uppermost debris flow at site ST5 contained modern charcoal and 
most likely represents a small debris flow following the 1992 ‘Foothills Fire’. 
 
Recent Regional Changes in Holocene Climate 
 The reconstructed PDSI record (Cook, Woodhouse, Eakin, Meko, and Stahle, 
2004b) extends to 1,951 cal yr BP, which allows for some interpretation of how climate 
and fire interact in the Wood Creek area over this interval.  For this study, the PDSI 
values for broad-scale changes in climate, as illustrated by a 200-year moving average of 
the PDSI, can be used to designate climate periods.  
  Two climate periods, the Little Ice Age (LIA) and the Medieval Climatic 
Anomaly (MCA), have been widely recognized (e.g. Lamb, 1977; Stine, 1998; Cook et 
al., 2004a).  For this study, the beginning and ending dates for these periods were 
calculated as the average of those reported in several studies (Xia, Haskell, Engstrom, 
and Ito, 1997; Woodhouse, 2004; Pierce et al., 2004; Meyer and Pierce, 2003; and 
Whitlock et al., 2003).  
  Two other periods identified for this study are termed the ‘Early Dry Period’ 
(EDP) and the ‘Early Wet Period’ (EWP); these periods are defined based on dry and wet 
intervals in the 200-year moving average of the southwestern Idaho PDSI relative to the 
record average PDSI for the region.  The EDP (1,950 – 1700 cal yr BP) roughly 
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corresponds to the Roman Warm Period (RWP) and the EWP (1,700 – 1,100 cal yr BP) 
includes the Dark Ages Cold Period (DACP).  Climate period PDSI averages and 
standard deviations were calculated for each of these four periods (Table 4).  Figure 13 
provides a summary of the PDSI record, drought area index (DAI; Cook, Meko, and 
Stockton, 1997, 1998), July temperature (Biondi, Perkins, Cayan, and Hughes, 1999, 
2006), and the four climate periods. 
 
Table 4:  Climate Periods and their PDSI Averages and Standard Deviations.  Average 
PDSI values less than –0.24 indicate conditions that are drier than the record average; 
values greater than –0.24 indicate wetter conditions. 
Time Period (cal yr BP) Average PDSI Standard Deviation 
LIA (100 - 600) -0.17 2.30 
Early LIA (425-600) -0.34 2.26 
Late LIA (100-425) -0.07 2.32 
MCA (670 - 1025) -0.67 2.07 
EWP (1100 - 1700) 0.06 1.98 
EDP (1700 - 1950) -0.87 2.14 
 
 
Comparisons to Climate 
 Two average PDSI values were calculated for each charcoal sample to establish 
likely climate conditions coincident with geomorphic responses to fire. These averages 
(Table 5) represent an attempt to compare records of annual scale (reconstructed climate) 
and multi-year scale (14C dated charcoal) by using the annual probability distributions of 
the calibrated radiocarbon ages. 
 We calculated the ‘sample average’ PDSI by producing a weighted average of 
PDSI values using the probability distribution for each sample as the weighting factor 
(Equation 1).  The ‘period average’ is the mean PDSI calculated for all years within the 
‘period’ of each samples’ probability distribution where the probability is non-zero.  The 
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record average is the mean of the PDSI values for all years in the record, and each 
climate period average is the mean of the PDSI values for all years in each climate 
period. 
 The first comparison, between the sample weighted average and the sample 
period average, indicates whether the fire occurred during a wetter or drier year within 
the resolution of the calibrated 14C date for the sample.  This comparison is also used to 
determine if the ecosystem is acting as a fuel-limited system.  When the comparison 
indicates that the fire likely occurred during a wetter year, the ecosystem is likely 
behaving in a fuel-limited fashion.  In this study, eight of the fourteen samples indicate 
that they likely occurred during wetter years within the range described by the 14C dates; 
six indicate drier years (Table 5). 
 The second comparison includes the entire range of possible dates given by the 
calibrated 14C dates and compares those years to the entire climate record by comparing 
the sample period average and the record average.  This provides a measure indicating 
whether the overall period during which the fire occurred is wetter or drier than the entire 
record.  Ten of the samples from this study come from wetter periods; four come from 
drier periods. 
 The third comparison gives an indication of the relative amount of climate 
variability during the periods in which the fires occurred.  The standard deviation for the 
period (the years included within the 14C probability distribution) is compared to the 
standard deviation of the entire record.  Ten of the samples were from periods exhibiting 
greater variability than the overall record.  A fourth comparison compares the sample 
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period average to the climate period average to determine if the period in which the fire 
occurred was wetter or drier than the climate period. 
 
Figure 13:  Graph Showing Reconstructed Climate Indices.  Palmer Drought Severity 
Index (PDSI) is an inverse-distance weighted average of gridpoints 56, 57, 69, and 70.  
The PDSI trendline is a 200-year centered moving average.  Drought Area Index (DAI) is 
a measure of how extensive drought conditions are in the western United States.  July 
temperature reconstruction, in standard deviations, is from east-central Idaho.  Data for 
PDSI from Cook et al., 2004b; data for DAI is from Cook et al., 1998; data for July 
temperature from Biondi et al., 2006. 
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Table 5:  Climate Comparisons Using PDSI for Each Sample.  Negative values indicate 
drought.  This table gives the calculated PDSI averages (definitions in text) and the 
results of the comparisons for each sample, along with the climate period into which each 
sample falls. 
Sample ST2-1 ST2-2 ST2-3 ST3-2 ST3-3 ST4-1 ST4-2 
Climate Period LIA LIA LIA LIA LIA LIA EWP 
Weighted Average -0.06 -0.15 -0.51 -0.40 -0.06 -0.04 0.15 
Period Average -0.04 -0.24 -0.09 -0.13 -0.34 -0.13 -0.25 
St. Dev. 2.35 2.36 2.35 2.32 2.23 2.25 2.14 
Sample to period: 
Wet/Dry Dry Wet Dry Dry Wet Wet Wet 
Record Average -0.24 -0.24 -0.24 -0.24 -0.24 -0.24 -0.24 
Record St. Dev. 2.16 2.16 2.16 2.16 2.16 2.16 2.16 
Sample Period to 
Climate Period: 
Wet/Dry Wet Dry Wet Wet Dry Wet Dry 
Period to Record: 
Variability > > > > > > < 
Period to Record: 
Wet/Dry Wet Wet Wet Wet Dry Wet Dry 
          
Sample ST5-2 ST5-4 ST5-6 ST7-1 ST7-2 ST8-1 ST8-2 
Climate Period LIA LIA LIA EWP MCA EWP EDP 
Weighted Average -0.02 -0.18 -0.22 0.23 -0.46 -0.17 -0.74 
Period Average -0.10 -0.21 -0.17 -0.05 -0.66 0.04 -0.49 
St. Dev. 2.24 2.37 2.37 1.90 2.12 2.02 2.17 
Sample to period: 
Wet/Dry Wet Wet Dry Wet Wet Dry Dry 
Record Average -0.24 -0.24 -0.24 -0.24 -0.24 -0.24 -0.24 
Record St. Dev. 2.16 2.16 2.16 2.16 2.16 2.16 2.16 
Sample Period to 
Climate Period: 
Wet/Dry Wet Dry Dry Dry Wet Dry Wet 
Period to Record: 
Variability > > > < < < > 
Period to Record: 
Wet/Dry Wet Wet Wet Wet Dry Wet Dry 
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DISCUSSION 
 
Observations of Modern Geomorphic Responses to Fire 
 Erosion and sedimentation following a recent fire in the study area provides a 
modern analog of geomorphic response to fire.  This analog can be compared with, and 
used to interpret, records of geomorphic response to past fires.  In July, 2007, a small fire 
burned portions of the study area and the adjacent Bender and Jacks Creek drainages 
which lie just to the south of the study area.  Observations, made in the burned area 
within one year of the fire, indicate numerous signs of incision along channels at and 
above fanheads and sheetflooding on lower fan surfaces, especially in north aspect sub-
basins.  Sheetflood deposits contain abundant, coarse charcoal, especially on upper 
surfaces.  Using criteria for burn severity from the literature (Lewis et al., 2006; 
Robichaud, Beyers, and Neary, 2000), south aspect slopes were burned at low severity; 
burn severity on north aspect slopes ranged from low to high, with high burn severity 
areas concentrated in conifer stands.  More severely burnt, steep hillslopes produced dry 
ravel immediately following the fire.  Field observations indicate that severely burned 
basins generally produced greater incision, gully formation, and sheetflooding, but most 
burned basins showed some response (Figure 14).  Most basins showed only minor 
incision on fan surfaces (~5 – 20 cm).  Most of the observed fire-related deposits are 
localized sheetflood deposits.  Obvious signs of rilling and gully formation were limited 
to the most severely burnt basins.  Most of the sediment yield, especially from south 
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aspects, is most likely the result of sheetwash and no debris flows were observed.  While 
incision was observed on alluvial fans adjacent to the axial stream, no incision was 
observed along the axial stream itself.  Responses to the fire along the axial stream were 
limited to transport and deposition of fan-derived sediment. 
 While the winter following the fire was wetter than average, peak flows on the 
nearest gaged rivers to the study site indicate 2007 – 2008 was not an unusually wet year 
(United States Geological Survey, 2009).  Flows on the Middle Fork Boise River, 
measured at the Twin Springs gage, were only 133% of the median recorded at that site; 
on the South Fork Boise River at Featherville, peak flows were only 112% of the median 
(Figure 15).  These flows have recurrence intervals of 5.4 and 2.4 years, respectively.  
While peak flows in the burned basins may have been higher, rainfall within the burned 
area was most likely near normal. 
 Similar geomorphic responses have been recorded following fire in other areas.  
Cannon (2001) studied the geomorphic responses of 95 burned basins and found that 
sediment-laden stream flows were the most common response to fire.  Following the 
Cerro Grande fire in New Mexico, Cannon and others (2001b) report both debris flows 
and sheetflooding in response to summer thunderstorms with recurrence intervals of 
approximately two years.   
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Figure 14:  Examples of Modern Geomorphic Responses to Fire.  A:  Incision through an 
old fanhead.  Approximately two-thirds of this incision in this photo is estimated to be the 
result of this event.  B:  Recent incision along a channel upstream of the fanhead.  C:  
Charcoal-rich sheetflood deposits forming a new, lower fan. 
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Figure 15:  Hydrographs for the Boise River.  The most recent peak in each graph is the 
2008 spring runoff peak referred to in the text.  Top: South Fork Boise River at 
Featherville.  Bottom:  Middle Fork Boise River at Twin Springs.   
 
 Geomorphic responses to fire are controlled by a number of different conditions.  
First, sediment must be available to be eroded, transported, and deposited.  Second, a 
hydrologic event of sufficient magnitude to erode and transport the available sediment 
must occur after the fire.  Third, there must be a location for the sediment to be deposited. 
 The granitic rocks underlying the study area weather rapidly to grus.  Hillslopes 
are commonly mantled by greater than 1 m of grus, so sediment supply in the study area 
is likely not a limiting factor (Meyer and Pierce, 2003; Pierce et al., 2004).  Most 
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observations following the 2007 fire indicate that post-fire erosion rarely depleted the 
grus mantle. 
 Cannon (2001) observed that sediment-laden flood events, such as sheetflooding, 
were the most common geomorphic response to fire.  Sediment may be entrained through 
sheetflow or rill erosion on hillslopes (Cannon et al., 2001) or dry ravel deposits near 
channels (Florsheim, Keller, and Best, 1991).  Sediment bulking through rill erosion can 
produce debris flows (Cannon et al., 2001a; Meyer and Wells, 1997; Meyer and Pierce, 
2003; Wondzell and King, 2003) if fine sediment is present; if fine sediment is lacking, 
similar sediment concentrations can be achieved in flooding events (Cannon et al., 
2001b). 
 Debris flows and large, sediment-laden floods can be generated from burned 
hillslopes by precipitation events with return frequencies of 1 or 2 years (Cannon et al., 
2001b), either in the form of brief, high-intensity convective storms or lower-intensity 
frontal storms (Cannon, 2001).  Several factors may act to increase the effectiveness of 
such storms, including soil-water repellency (Pierson et al., 2001), clogging of soil 
surfaces with ash, and reductions in surface roughness (Lavee, Kutiel, Segev, and 
Benyamini, 1995; Pierson et al., 2001; Pierson, Carlson, and Spaeth, 2002).  These 
factors all act to increase the quantity and velocity of surface runoff relative to pre-fire 
conditions.   
 Since sediment is abundantly available for transport within the study area, and 
since storms capable generating geomorphic responses to fire are more common than 
fires, fire is likely the limiting factor in the production of fire-related deposits.  Further, 
debris flow and sheetflood deposits, which are lacking in charcoal and therefore not 
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necessarily influenced by fire, have been identified in the study area.  This implies that 
the record of fire-related sedimentation is a record of fire events rather than a record of 
floods.   
   While this recent fire and the observed responses provide an opportunity to 
examine modern analogs to fire-related sheetflood deposits, no debris flows appear to 
have been generated after this fire.  We therefore identified paleo fire-related deposition 
by comparing to modern analogs described by others (e.g. Meyer et al., 1995; Meyer and 
Wells, 1997; Meyer and Pierce, 2003; Cannon, 2001). 
 
Records of Fire and Geomorphic Response 
 Good correspondence between radiocarbon ages (dates of fires) and OSL ages 
(dates of deposition) imply that flooding occurred at nearly the same time as the fires.  
This provides additional evidence that geomorphic responses closely follow fire and are 
therefore most likely related to the fire.  Because geomorphic responses are related to fire 
conditions, we can make inferences about the relative severity of the fire depending on 
the magnitude of the response. 
 Three major periods of fire activity occurred in the Wood Creek Study Area.  The 
most recent peak occurred between about 650 and 300 cal yr BP (peaks 3, 4, and 5).  This 
period is represented by seven samples at four different sites.  Initial responses during 
this period consist mainly of debris flows, followed by floodplain sedimentation 
beginning around 525 cal yr BP.  Deciduous species, conifer, and sagebrush charcoal 
were all identified in fire-related deposits during this time. Five samples record another 
period of fire activity between 2,000 and 1,400 cal yr BP (peaks 8, 9, and 10).  Debris 
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flows were the dominant response to fire during this interval, though a thick section of 
sheetflood were deposited at site ST4 during this time.  This period accounts for 1.4 m of 
fan aggradation at site ST4 and 0.6 m at site ST8.  Conifers and deciduous species were 
the two types of identified charcoal associated with this period.  The most recent event 
during this period (approximately 1,475 cal yr BP) is a debris flow that incorporated 
ponderosa pine charcoal.  This event occurred within the upper Blacks Creek basin, an 
area in which conifers are not currently present. 
 The earliest major period of activity was between 4,400 and 4,000 cal yr BP (peak 
13).  Fluvial channel and floodplain deposits dominate this period.  Fires during this 
interval are recorded by four samples from sites ST1 and ST3.  The large section of 
fluvial sands and gravels (unit F) at site ST6 may also correlate to this period.  This 
period corresponds to a possible period of large fires and fan aggradation in Yellowstone 
National Park (Meyer et al., 1995). 
 
Late Holocene Incision along Wood Creek 
 Early LIA (525 – 500 cal yr BP) floodplain sediments are common in the upper 
sections of fluvial terraces along Wood Creek.  Floodplain sediments record the elevation 
of the active floodplain, which lies just above the bankfull level of the active channel.  
This provides a means of reconstructing the elevation of the active channel at times in the 
past (Figure 16).  The profile was created using a 30 m DEM and the stream course 
digitized from 1 m NAIP imagery.  Because of the differences in resolution, bumps can 
occur in the profile; these bumps are more common where the channel is deeply incised 
relative to surrounding terraces or hillslopes.  The channel slope is steeper (2.8%) 
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between sites ST6 and ST3 than it is downstream of site ST6 (2.4%) or between sites ST3 
and ST4 (2.2%).  This may be caused by headward erosion of the channel migrating 
upstream through this section or by deposition of sediment coming out of the Lime Creek 
drainage. 
 At site ST5, LIA floodplain sediments are currently about 2 m above the current 
active channel.  Downstream at site ST3, similarly dated floodplain sediments exist 
between 2 and 2.5 m above the active channel (Figure 17).  Channel incision lowered the 
channel bed by approximately 1 m prior to the deposition of the debris flow that caps 
sites ST1 and ST3 sometime between 308 and 150 cal yr BP.  Approximately 70 cm of 
fluvial sands and floodplain sands were deposited at site ST2 after this debris flow, 
raising the active level of the stream to approximately 2.25 m above the active channel.  
An OSL sample, USU-158, was taken in an attempt to date these upper sediments and 
establish when incision occurred.  The date on this sample, 0.09 ± 1.48 Ka, indicates that 
these sediments likely were deposited approximately 90 years ago.  The wide error is the 
result of partial bleaching, which may indicate that these sands were deposited very 
rapidly.  Given the date and similarity of the deposit to those following the July 2007 fire, 
these sands may have been deposited following the 1926 fire that burned most of the 
study area.  If this is the case, at least 2 m of incision has taken place at sites ST1, ST2, 
and ST3 during the last approximately 80 years.  This incision has certainly taken place 
in the last 350 years based on radiocarbon ages of dated sediments. 
 If the upper floodplain (unit B) at site ST6 correlates to the upper floodplain at 
site ST3 (also unit B), then at least 6.5 m of incision has occurred since 500 cal yr BP at 
this downstream location.  Inferred rates of recent incision range from 10 m/ka to 25 
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m/ka since about 500 cal yr BP.  These rates are orders of magnitude higher than those 
reported over longer (105 – 106 yr) timescales, though those reported over shorter (103 yr) 
scales are about half to one-sixth the rates reported here.  Long-term incision rates range 
from about 0.02 m/ka to about 0.3 m/ka, with typical values ranging from 0.1 to 0.2 m/ka 
(Wakabayashi and Sawyer, 2001; Pederson, Karlstrom, Sharp, and McIntosh, 2002; 
Dethier, 2001; Reneau, 2000).  Reneau (2000) reports incision rates of up to 4 m/ka in 
Frijoles Canyon, New Mexico, since the middle Holocene, and points out variations in 
incision rates through time.  Incision at Frijoles Canyon appears to be driven by high-
magnitude floods (Reneau, 2000).  High-magnitude flash floods following the Dome Fire 
of April 1996 incised the channel in nearby Capulin Canyon up to 2 m by the fall of 1996 
(Reneau, 2000).  Following the Wheeler Fire of 1985 in Southern California, Florsheim 
and others (1991) noted rapid deposition of fine gravel sediment in the channel during the 
first high-flow event to follow the fire.  This sediment was then removed by the next 
high-flow event.  If Wood Creek is behaving similarly, episodes of rapid incision, like 
that documented here, may be interspersed with longer periods of either vertical stability 
and lateral erosion or aggradation. 
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Figure 16:  Current Profile of Wood Creek from Site ST5 to the Confluence with Bender 
Creek.  Plus signs (+) show reconstructed elevations of Little Ice Age floodplains at ST5, 
ST3, and ST6.  Profile derived from stream course digitized on 1 m resolution imagery 
and 30 m resolution digital elevation model. 
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Figure 17:  Example of Recent Incision.  Site ST2 is located at the left side of the 
picture; ST3 is just off the right-hand edge of the photograph.  The debris flow that caps 
sites ST3 and ST1 is traced in solid black; the ~90 year old flood deposit is traced in 
black dashes. 
 
 
 
Comparisons to Payette and Yellowstone Ecosystems 
 Similar studies have been conducted in the South Fork Payette River basin in 
central Idaho (Pierce et al., 2004) and in Yellowstone National Park (Meyer et al., 1995).  
Results from Yellowstone’s cooler and moister lodgepole pine-dominated ecosystem 
show that these forests experienced large fires during the MCA and other periods of 
extensive drought, as well as large fires during recent severe droughts (e.g. 1988).  Fires 
during warm and dry intervals indicate that those forests have a moisture-limited fire 
regime (high moisture content in forest canopies prevents large fires during non-drought 
intervals). 
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 Results from the Payette system have been broken down into two groupings 
representing large and small fire-related events (Pierce et al., 2004).  The large events are 
large, thick debris flow events, and show a pattern similar to Yellowstone with ponderosa 
pine burning during severe droughts in a moisture-limited, stand-replacing fire regime.  
Small events are comprised of sheetflood and thin debris flow deposits and are inferred to 
represent less severe surface fires fueled by increased understory grass growth.  These 
small events, which make up the majority of the record, are more common during wetter 
intervals such as the LIA. 
 General trends show that during the LIA, events in the Wood Creek study area 
correspond to small events in the Payette (Figure 18).  Between about 1,300 cal yr BP 
and the beginning of the LIA (600 cal yr BP), Wood Creek events correspond to both 
large and small events in the Payette, with the exception of the MCA.  The Wood Creek 
event during the MCA corresponds to large events in the Payette and with events in 
Yellowstone.  Prior to 1,300 cal yr BP, events in Wood Creek correspond with a peak in 
both large and small fire-related events in the Payette (approximately 1,500 cal yr BP), 
with activity in Yellowstone (approximately 2,250 cal yr BP, 2,700 – 3,600 cal yr BP, 
and 4,000 – 4,400 cal yr BP), or to apparent lulls in activity in the Payette and 
Yellowstone study areas (approximately 1,900 cal yr BP and 6,400 – 6,700 cal yr BP) 
(Figure 19).  
 During the LIA, fires occurred in the Wood Creek study area during intervals that 
are nearly synchronous with fires in the South Fork Payette River basin.  These fires 
occurred at intervals of approximately 70 – 130 years (Figure 18, Figure 19, peaks 1 – 5) 
and resulted primarily in debris flow activity in Wood Creek.  Fires occurring between 
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~330 and ~525 cal yr BP produced flooding events in Wood Creek; in the Payette, these 
fires produced thin debris flows and sheetfloods.  Also during the LIA, events in 
Yellowstone correspond to minima in the Wood Creek study area, while activity in the 
Wood Creek study area corresponds to minima in Yellowstone activity.  Hence, activity 
in these two regions is out of phase, likely due to opposing reactions to climate forcing 
(fuel-limited ecosystem in Wood Creek and moisture-limited ecosystem in Yellowstone). 
 
 
 
Figure 18:  Comparison of the Wood Creek Fire Record with Records of Small Fire-
related Events in the South Fork Payette (Pierce et al., 2004).  Note similarity during the 
LIA (600 – 100 cal yr BP). 
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Figure 19:  Calibrated Fire Chronologies from Three Different Ecosystems.  Numbers 
designate peaks in the record from the Wood Creek Study Area.  Wood Creek Study Area 
(rangeland, this study), South Fork Payette River basin (ponderosa forest, Pierce et al., 
2004), and Yellowstone National Park (lodgepole and subalpine forest, Meyer et al., 
1995). 
 
 
 During the MCA, the Wood Creek Study Area only recorded one event (Figure 
19, peak 6).  This event coincides with a fire peak in the Payette and a broader peak in 
Yellowstone fire-related activity. 
 The peak at the end of the EWP records a debris flow in the same catchment as 
the MCA event (Figure 19, peak 7).  Unfortunately, charcoal grains were too small to 
identify vegetation types.  This peak corresponds to peaks in small and large events in the 
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Payette and to the rising limb of a broader peak in Yellowstone activity that extends into 
the MCA. 
 The middle peak in the EWP (Figure 19, peak 8) corresponds with a large event in 
the South Fork Payette area.  Macrofossil identification indicates the presence of 
ponderosa pine in the Blacks Creek drainage around 1,475 cal yr BP.  No modern 
ponderosa pine has been located within this section of the study area.  This is the third 
largest debris flow located within the Wood Creek study area and could be considered a 
“large” event.  The match between the Wood Creek and Payette study areas likely 
indicates that severe fires were quite extensive at the time in areas with ponderosa pine.  
The earliest peak (Figure 19, peak 9) during the EWP corresponds to peaks in the Payette 
records and with activity in Yellowstone.   
 The peak in activity in the Wood Creek study area at about 1,900 cal yr BP marks 
the EDP (Figure 19, peak 10).  This is one of the largest peaks in the Wood Creek record, 
and appears to precede a period of activity in the other records.  The peak at 
approximately 2,250 cal yr BP represents the earliest identifiable sagebrush in the Wood 
Creek study area (Figure 19, peak 11).  This peak matches a large debris flow in the 
Payette and with debris flow activity in Yellowstone.  The broad peak between 2,700 and 
3,600 cal yr BP broadly corresponds to activity in Yellowstone and to large events in the 
Payette.  The peak between 4,400 and 4,000 cal yr BP corresponds to a possible period of 
fire-related activity in Yellowstone; the peak at about 6,600 cal yr BP corresponds to 
relative minima in fire activity in the other study areas. 
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Possible Late Holocene Vegetation Changes 
 Charcoal macrofossil identification indicates that the first identifiable occurrence 
of sagebrush within the Wood Creek study area was about 2,250 cal yr BP.  The next 
identifiable sagebrush charcoal is radiocarbon-dated at 796 - 910 cal yr BP (during the 
MCA), and sagebrush is common after the MCA.  Four of the seven samples containing 
identifiable conifer charcoal predate the MCA; most of these are from the period between 
2,000 and 1,400 cal yr BP, during which time fires resulted primarily in debris flow 
activity.  Charcoal fragments of ponderosa pine dating to approximately 1,475 cal yr BP 
were identified within the upper Blacks Creek drainage, in which conifers are now absent 
(Figure 5).  This is significant for several reasons.  First, it indicates that climate 
conditions during, and immediately prior to, this time allowed the growth of ponderosa in 
this basin.  Since moisture is most likely the limiting factor controlling conifer 
distribution in the study area, this suggests effectively wetter conditions around 1,500 
years ago.  The PDSI record also indicates wetter conditions for 100 – 150 years prior to 
this event.  Effectively wetter conditions could result from increased precipitation, 
decreased evaporation, or a combination of these two factors.  The three remaining 
conifer samples (found at sites ST2 and ST3) are from the LIA, and two of these samples 
also record the presence of sagebrush.  It is possible that sagebrush increased within the 
study area after approximately 1,400 cal yr BP, possibly coincident with the retraction of 
conifer ranges.   
 Further supporting evidence for vegetation changes comes from two sources: 
paleo-ecological studies in the northern Great Basin and comparison to fire activity in 
forested ecosystems.  Miller and Wigand (1994) report reductions in juniper woodland 
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extents between 1,900 and 1,000 cal yr BP and increases in sagebrush-dominated steppe 
as conditions in the northern Great Basin became more arid.  Prior to 1,300 cal yr BP, 
fires in Wood Creek occurred at times similar to fires in the forested ecosystems of the 
Payette and Yellowstone.  During the Little Ice Age, however, events in Wood Creek 
agree with the sequence of small events in the Payette study area; these small events are 
thought to represent frequent surface fires (Pierce et al., 2004).  Frequent surface fires 
were typical of the forest – prairie ecotone (Brown and Sieg, 1999) and the forest – 
sagebrush ecotone (Miller and Tausch, 2001) during the Little Ice Age. 
 It may be possible that ponderosa pine and Douglas fir were a greater component 
of the vegetation until about 1,400 cal yr BP, though this is still largely speculation.  In 
any case, the presence of conifer wood in basins that do not currently have any conifers 
indicates late Holocene climate-driven shifts in the forest-rangeland ecotone.  The shifts 
inferred here agree with others documented in the northern Great Basin (e.g. Miller and 
Wigand, 1994). 
 
Comparing Fire Records with Regional Climate Reconstructions 
 A comparison between regional Holocene climate reconstructions and records of 
fire-related sedimentation in Wood Creek allows a more detailed examination of the role 
of climate in rangeland fire activity (Figure 20).  The reconstructions used in this study 
include Palmer Drought Severity Index (Cook et al., 2004b), Drought Area Index (Cook 
et al., 1998), and July temperature (Biondi et al., 2006).  A comparison of climate 
conditions and fire activity provides an indication of whether this ecosystem is acting as a 
fuel-limited or moisture-limited system.  Ecosystems that are limited by the availability 
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and continuity of vegetation (fuel) burn during wetter conditions; ecosystems that are 
limited by dense vegetation with high moisture content (moisture-limited) burn during 
droughts.  
 
Early Dry Period 
 The Early Dry Period (EDP) is the driest and second most variable of the four 
climate periods (Figure 20, Table 4).  Three samples (peak 10) record events during this 
period; however, only one sample, ST8-2, was used for the climate comparison.  Samples 
ST4-3 and ST4-4 have probability curves that lie partially outside the PDSI period of 
record and so could not be used. 
 Sample ST8-2 (1821 – 1731 cal yr BP) has a weighted average PDSI that 
indicates conditions were likely drier at the time of the fire than the un-weighted period 
average.  However, the un-weighted period average indicates conditions were wetter than 
the average for the whole of the EDP.  This event likely occurred during a drier year 
within a slightly wetter period during the very dry EDP. 
 
Early Wet Period 
 PDSI reconstructions indicate that the Early Wet Period (EWP) is both the wettest 
period (Figure 20) and most consistent climate period over the last 2,000 years (Table 4).  
The EWP is the only period that has a positive PDSI average (where positive values 
indicate wet conditions and negative values indicate dry conditions).  It also has the 
smallest standard deviation, indicating greater climate stability than periods with larger 
standard deviations. 
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 There were three distinct events in the sedimentary record from this period.  The 
first of these events (sample ST4-2, peak 9) was a sheetflood in a tributary basin of Wood 
Creek.  This event burned conifers within the basin between 1,694 and 1,570 cal yr BP.  
This event likely occurred during a wetter year during drier conditions 
 The second event, recorded by sample ST8-1 (peak 8), was a debris flow in the 
upper Blacks Creek basin.  This event burned ponderosa pine during a multi-decadal 
drought between 1,516 and 1,408 cal yr BP.  Ponderosa pine is no longer present in the 
Blacks Creek drainage, though it is unknown whether ponderosa has been present since 
this event.  Ponderosa pine was also not present in any older samples from Blacks Creek. 
 The last event during the EWP was a debris flow on a small alluvial fan.  The 
record of this event is provided by sample ST7-1 (peak 7).  This event occurred between 
1,274 and 1,153 cal yr BP.  The sample weighted average PDSI for this sample indicates 
that conditions were slightly wetter than the sample period average and the average for 
the EWP.  The sample period average PDSI indicates that conditions were dry compared 
to the EWP average, though still wetter than the overall PDSI record average.  
 Fires and corresponding responses during the EWP are likely related to drought 
and it may be possible that the wetter climate led to vegetation shifts, including the 
possible introduction of, and possible extirpation of, ponderosa pine in Blacks Creek.  
This last event, however, may indicate a shift toward fuel-limited conditions. 
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Figure 20:  Calibrated Chronology of Fire-related Events and Reconstructed Climate 
Indices Extending to 2,000 cal yr BP.  Numbers above peaks correspond to other figures.  
Climate indices are PDSI (Cook et al., 2004b), DAI (Cook et al., 1998), and 
reconstructed July temperatures for east-central Idaho (Biondi et al., 2006). 
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Medieval Climatic Anomaly 
 Only one event was recorded during the Medieval Climatic Anomaly (MCA) 
within the study area.  This event (Sample 7-2, peak 6) was a debris flow from a small, 
north-facing tributary basin containing sagebrush.  The MCA is noted as a period 
characterized by drought, yet there was a distinct wet period during the middle MCA, as 
shown by the PDSI and DAI records (Figure 20).  The only fire event during the MCA 
corresponds to this wet period, rather than the drought periods at the beginning or end of 
the MCA.  The weighted average PDSI for this fire event was -0.46, which is wetter than 
the period average (-0.66) and the MCA average (-0.67).  While this event is linked to a 
relatively wet episode, the MCA as a whole is drier than the average for the PDSI period 
of record (-0.24). This is a strong indication that during this time interval, the study area 
was dominated by a fuel-limited system where drought limits fuel availability and 
continuity which reduces fire, while wetter intervals allow the accumulation of fuel and 
lead to more frequent and more widespread fires.  This fuel-limited relationship has also 
been demonstrated to exist in rangeland environments in the Newark Valley of central 
Nevada (Mensing et al., 2006). 
  
Little Ice Age 
 Climate during the Little Ice Age (LIA) was both wetter and more variable (when 
comparing standard deviations of the period time series) than climate during both the 
MCA and the period of record for PDSI (Table 4, Figure 20).  Climate variability during 
the LIA has a lower magnitude than the variability during the MCA; however, the LIA 
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experienced climate fluctuations at a higher frequency.  The LIA also experienced the 
most fire response activity, with nine charcoal samples recording fires during three 
different intervals.  A closer look at the PDSI record during the LIA suggests separating it 
into two periods, 600 – 425 cal yr BP and 425 – 100 cal yr BP.  The first of these periods, 
or the early LIA, was characterized by being drier than the record average (though still 
wetter than the MCA).  The second period, the late LIA, was wetter than the record 
average.  Both periods were more variable than the preceding MCA, though the range of 
variability is less.  Most of the LIA fire activity likely occurred during the drier early 
LIA, with only two samples showing activity purely in the late LIA; three of the samples 
(ST2-2, ST5-4, and ST5-6) indicate activity possibly occurring in both the early and late 
LIA, but samples ST2-2 and ST5-6 most likely represent events in the early LIA.  Sample 
ST5-4, based on site stratigraphy, most likely represents an event in the late LIA. 
 Sample ST3-3 (peak 5) appears to record a fire at the transition from the MCA to 
the LIA.  This transition can be described as a marked increase in average wetness, as 
indicated by the sharp rise in PDSI values and drop in DAI values (Figure 20).  This 
event also appears to correspond with warming in Idaho (Figure 20).  This sample’s 
period average is about the same as the average PDSI for the early LIA; however, the 
sample weighted average indicates that conditions at the time of the fire were likely 
wetter. 
 The other LIA samples are from periods that are wetter than the record average, 
even within the early LIA.  Except for samples ST3-2 and ST5-6 (peak 4), all of the 
samples from the early LIA have weighted sample averages indicating wetter conditions 
than their period averages and fuel-limited conditions.  Samples ST3-2 and ST5-6, along 
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with samples ST2-1 (peak 1) and ST2-3 (peak 2) from the late LIA, have weighted 
sample averages indicating drier conditions than their period averages and moisture-
limited conditions.   
 Fire during the LIA was, for the most part, linked to wetter conditions during the 
drier early LIA, with limited fire occurring in the late LIA linked to drought.  Frequent 
fires recorded at site ST5 mark the transition from the drier early LIA to the wetter LIA.  
Three, possibly four, fires are recorded in the stratigraphic record at this site between 510 
and 335 cal yr BP.  This implies a maximum of approximately 60 years and a minimum 
of approximately 40 years between fires for this interval.  It is unknown, however, 
whether the same areas burned repeatedly during these times, or if fires in smaller distinct 
portions of the contributing area upstream of the sampling sites burned.  The 
approximately 60 year fire return interval, therefore, should be considered an average for 
the upstream contributing area and does not necessarily mean the same area burned once 
every 60 years.  The site itself burned at least twice during this interval producing two 
burned soil surfaces (fire return interval <90 years). 
 
Evidence of Fuel-Limited and Moisture-Limited Fire Regimes 
 In rangeland environments, where fuel loads are less than those in forested 
ecosystems, fire regimes are often considered to be fuel-limited.  Similarly, forested 
ecosystems have been shown to exhibit moisture-limited fire behavior where fire, 
especially severe fire, is ‘limited’ by high moisture levels and is more common during 
drought conditions.  While more samples indicate fuel-limited conditions, this study area 
appears to exhibit both regimes.  When we compared the sample weighted average and 
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the sample period average to test whether conditions were likely wetter (indicating fuel-
limited conditions), or drier (indicating moisture-limited conditions) at the time of the 
fire, we find that conditions likely changed through time.  Furthermore purely moisture-
limited conditions do not characterize intervals with greater extents of conifers (2,000 – 
1,400 cal yr BP), nor do purely fuel-limited conditions characterize fire during periods 
where sagebrush was likely more common than conifers (1,000 cal yr BP to present).  
Instead we note moisture-limited behavior in fires at 1,750, 1,450, and after 300 cal yr BP 
and fuel-limited conditions occurring at 1,650, 1,200, 850, and 600 cal yr BP.  The period 
from 500 till 300 cal yr BP includes several fires; half of these fires indicate fuel-limited 
conditions and the other half indicate moisture-limited conditions. 
 Ecotonal zones, such as the Wood Creek study area, may simply be fire prone 
since fires burn during both wet and dry conditions.  This would imply that fire should be 
more frequent in such zones as fire could spread from both moisture-limited forested 
areas and from fuel-limited rangeland areas.  Brown and Sieg (1999) noted that fire 
return intervals in ponderosa pine near the forest-grassland ecotone were roughly half 
those of ponderosa pine stands located in the interior Black Hills.  It is not surprising that 
the forest-rangeland ecotone (Figure 1) would be fire prone and potentially exhibit both 
fuel-limited and moisture-limited characteristics, as both limiting agents would be weak 
compared to more arid or more humid environments. 
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SUMMARY AND CONCLUSIONS 
 
 The Wood Creek study area provides a record of fires and geomorphic response 
that can be used to address several questions.  Geomorphic response to fire is likely not 
limited by sediment supply or the frequency or magnitude of precipitation events, as 
illustrated by sediment erosion and deposition observed on burned hillslopes and 
channels in the adjacent Bender Creek drainage following the Wood Creek fire of July, 
2007.  These responses, in conjunction with recorded observations from other studies, 
provide a modern analog that allows interpretation of paleo records of fire recorded in 
alluvial stratigraphy.  Close correspondence between OSL ages of deposits and 14C ages 
of charcoal indicate that ages of fire-related deposits responses agree with ages of fires.  
This confirms the modern observations that sedimentation events of sufficient magnitude 
occur soon after fires. 
 We identified three periods of increased fire activity (4,400 – 4,000, 2,000 – 
1,400, and 650 – 300 cal yr BP).  During the earliest of these periods, geomorphic 
response to fire in the study area was limited to flooding events that resulted in floodplain 
aggradation, and identified charcoal macrofossils represented primarily deciduous 
species.  The second period of activity (2,000 – 1,400 cal yr BP) was characterized by 
fire-related debris flows on tributary alluvial fans, and conifer charcoal is the dominant 
type preserved from this period.  This reflects the changing presence of conifers on 
hillslopes, since hillslope materials are likely to be deposited in tributary alluvial fans, 
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whereas floodplain sediments are more likely to contain charcoal macrofossils from 
deciduous riparian species. The most recent period of activity (650 – 300 cal yr BP) is 
recorded by both debris flow deposits and floodplain deposits.  This period marks the 
beginning of the Little Ice Age and has the highest inferred fire frequency (estimated 
mean fire return intervals between 40 and 60 years).  It should be noted, however, that 
due to the fading geologic record, more samples recovered during this most recent time 
do not necessarily indicate more fires.  Fires during this last period burned sagebrush, 
conifer, and deciduous species. 
 Using radiocarbon dates from preserved Little Ice Age floodplain sediments (525 
– 500 cal yr BP) and an OSL age from the top of a 2.5 meter terrace, we infer 
approximately three meters of incision during the last ~500 years.  With the top of the 2.5 
meter terrace dated to 0.09 ± 1.48 ka, along with deposit characteristics indicating rapid 
deposition, we infer that much of the incision likely occurred during the last century.  It is 
then possible that both the flood deposit and the incision may be a response to the 1926 
fire. 
 During the Little Ice Age, the record of fire from Wood Creek corresponds 
closely with the record of small events from the Payette river system.  These small events 
are inferred to be low severity surface fires fueled by increased grass during wetter 
intervals; such fires are common at ecotone boundaries.  Prior to the Little Ice Age, the 
record from Wood Creek corresponds to records of large events in the Payette and with 
fire events in Yellowstone, especially between 2,000 and 1,400 cal yr BP.   
 Climate changes over the last 2,000 years have resulted in shifts in the forest-
rangeland ecotone.  Sagebrush does not appear in the record before about 2,250 cal yr 
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BP, and ponderosa pine was identified in the upper Blacks Creek drainage at 
approximately 1,475 cal yr BP.  Evidence from other studies in the Great Basin also point 
to increases in the elevation of the lower treeline at some time between 1,900 and 1,000 
cal yr BP.  Prior to 1,300 cal yr BP, the fire record from Wood Creek also corresponds to 
fire records from the forested Payette and Yellowstone ecosystems. 
 The forest-rangeland ecotone boundary changes with changes in Holocene 
climate.  During moister times where lower treeline elevation moves down and 
vegetation density increases, fires likely occur during times of drought.  During dryer 
times when treeline moves up in elevation and vegetation density decreases, fires are 
more likely to occur during wetter intervals (fuel limited).  Since some fires occurred 
during wetter intervals, and other fires occurred during droughts in the Wood Creek study 
area, it can be difficult to determine specific fire – climate interactions.  A comparison of 
weighted and un-weighted averages of Palmer Drought Severity Index can be used to 
infer whether climate conditions at the time of the fire were likely wetter or drier than the 
un-weighted average.  This comparison indicates the ecosystem is behaving in a fuel-
limited mode when the weighted average indicates wetter conditions than the un-
weighted average.  The Wood Creek study area exhibits both fuel- and moisture-limited 
characteristics, though fuel-limited conditions have been more common during the last 
2,000 years, and could then be considered to be fire-prone during both of these times.  
Further study is needed to establish Holocene relationships among climate, vegetation 
change, and fire behavior in this sensitive and important ecosystem boundary. 
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Climate Record Station Details 
  Lucky Peak Arrowrock Anderson Ranch Mountain Home Idaho City Hill City
Lat 43 33' 43 36' 43 20' 43 08' 43 50' 43 18'
Lon 116 04' 115 55' 115 28' 115 42' 115 50' 115 03'
Elev (ft) 2840 3280 3880 3190 3970 5000 
Elev (m) 866 1000 1183 973 1210 1524 
Elev diff. 481 347 164 374 137 177 
Weighting 0.078 0.108 0.228 0.100 0.274 0.211 
       
Average Maximum Temperature (C) 
  Lucky Peak Arrowrock Anderson Ranch Mountain Home Idaho City Hill City
January 2.7 1.1 1.4 3.4 1.9 -1.9 
February 7.2 4.9 4.3 7.2 5.1 0.6 
March 11.9 9.9 8.4 12.1 9.2 4.7 
April 16.9 15.6 15.3 17.3 15.0 12.2 
May 22.4 21.0 21.2 22.6 20.4 18.5 
June 27.6 26.1 26.4 28.3 25.0 23.2 
July 33.1 32.6 32.8 34.0 31.2 29.7 
August 32.4 31.9 31.6 33.1 30.7 29.3 
September 26.5 25.7 25.7 27.2 25.2 23.8 
October 19.4 17.7 18.4 19.7 18.0 16.6 
November 9.8 7.6 8.3 9.9 7.7 6.1 
December 4.1 2.0 3.1 4.1 2.5 -0.2 
       
       
Average Minimum Temperature (C) 
  Lucky Peak Arrowrock Anderson Ranch Mountain Home Idaho City Hill City
January -6.2 -6.8 -7.2 -6.3 -10.7 -14.4 
February -2.6 -5.0 -5.9 -4.4 -9.2 -12.9 
March -0.4 -1.8 -3.2 -1.7 -6.0 -8.3 
April 2.7 2.1 1.0 1.4 -2.4 -2.4 
May 6.7 6.0 5.3 5.7 1.3 1.6 
June 10.6 9.7 9.3 9.9 4.5 4.4 
July 14.2 13.6 13.2 13.6 7.1 7.4 
August 13.9 12.9 12.7 12.4 6.1 6.3 
September 9.6 7.7 8.2 7.3 2.0 1.8 
October 4.7 2.8 3.5 1.8 -1.9 -2.7 
November -0.3 -1.6 -1.4 -2.7 -5.6 -7.3 
December -4.7 -5.4 -5.4 -5.8 -9.4 -12.4 
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Average Total Precipitation (cm) 
  Lucky Peak Arrowrock Anderson Ranch Mountain Home Idaho City Hill City
January 4.47 7.44 8.18 3.43 9.30 5.82 
February 18.29 5.77 5.64 2.18 6.96 4.06 
March 3.66 4.70 4.72 2.72 6.07 3.20 
April 3.53 3.84 3.20 2.13 4.47 2.57 
May 3.56 3.48 3.12 2.41 4.55 3.05 
June 2.51 2.41 2.64 1.83 3.53 2.44 
July 0.79 0.74 1.07 0.69 1.12 0.91 
August 1.02 0.74 1.02 0.71 1.24 0.91 
September 1.68 1.63 1.83 1.27 2.24 1.40 
October 1.96 2.92 2.69 1.60 3.71 2.36 
November 4.45 6.65 6.76 3.00 7.37 4.29 
December 4.09 7.14 8.10 3.40 9.19 5.82 
       
       
Average Total Snowfall (cm) 
  Lucky Peak Arrowrock Anderson Ranch Mountain Home Idaho City Hill City
January 6.1 15.2 47.5 11.2 62.5 57.7 
February 2.0 12.7 26.2 4.8 41.4 36.3 
March 0.5 5.1 10.4 0.8 18.3 18.8 
April 0.0 0.0 0.3 0.0 2.3 3.6 
May 0.0 0.0 0.0 0.0 0.3 0.8 
June 0.0 0.0 0.0 0.0 0.0 0.0 
July 0.0 0.0 0.0 0.0 0.0 0.0 
August 0.0 0.0 0.0 0.0 0.0 0.0 
September 0.0 0.0 0.0 0.0 0.0 0.3 
October 0.0 0.0 0.5 0.0 1.8 1.3 
November 1.0 0.0 12.7 2.5 23.4 17.8 
December 3.0 7.6 43.9 7.9 56.6 54.4 
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APPENDIX B   
Site and Sample Descriptions 
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ST1 – This site is a cut-bank in a three-meter terrace along Wood Creek.  It is located 
~500m downstream from the Lime Creek tributary junction.  The upper 170cm of this 
exposure are dominated by debris flow deposits.  The lower debris flows have hardened 
and are very resistant; the uppermost debris flow can be traced along the exposure to 
ST2.  The sediments below 170 cm consist of a fining upwards sequence of stream 
stratigraphy overlying stream couplets.  This sequence grades from cobbles to fine sands 
before switching over to floodplain deposition.  
 
 
ST1-0 3790+-37 
 
ST1-1  Date for initiation of floodplain 
deposition above cross-bedded alluvial 
sands and gravels.  3857+-42 
 
ST1-2 -> ST1-5  Samples recording rate 
and timing of floodplain deposition. 
ST1-2 = 3723±36 14C cal yr BP 
 
ST1-6  Date of fire related debris flow 
that was deposited on the floodplain. 
 
ST1-7  Possible volcanic ash sample, no action taken 
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ST1-8  Date for fire related debris flow that caps ST1, ST3, and enters ST2.  Not 
analyzed yet. 
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ST2 is located at the downstream end of the same cut-bank that ST1 and ST3 are located.  
It is a 2.5 meter terrace adjacent to the 3 meter terrace and contains two debris flow units 
and several floodplains, as well as stream gravels and a large, potentially 
hyperconcentrated flow deposit.  Stratigraphy at this site is far more complicated than at 
other sites in the area. 
ST2-1  Date for incising fire-related 
debris flow that likely flowed down 
the main trunk of Wood Creek. 
181±32 
ST2-2  Date of charcoal in sediments 
above upper scour surface of unit 
sampled by ST2-1. 379+-33 
ST2-3  Date of fire-related debris 
flow capping ST1 and ST3. Older than USU-158.  240±32 
ST2-4  Date of char in laminated floodplain sediments at base of section.  Not run. 
USU-158  Date of most recent floodplain.  0.09±1.48 ka  Partial Bleaching problem, 
Dated using minimum age model and peak fit 
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ST3 is also located in the large cut-bank with ST1 and ST2.  It is in the 3-meter terrace 
section, and is capped by the same debris flow unit that caps ST1.  This site shows a 
floodplain developed below the capping debris flow and shows only two debris flows.  
Most of the deposit, from about 140cm down, is a fining upwards sequence typical of 
alluvial environments, terminating in a floodplain.  This floodplain is overlain by a thin 
hyperconcentrated flow and a debris flow. 
 
ST3-1  Date of fire that burned large charcoal stick deposited at 
base of finer alluvial channel deposits, transition from main 
channel to side channel? 3796+-37 
 
ST3-2  Date of Char in floodplain deposits capped by debris 
flow.  455+-33 
 
ST3-3  Date of fire-related debris flow underlying floodplain 
deposits. 654±33 
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ST4 is located at a cut-bank in the toe of an alluvial fan.  This alluvial fan drains a small 
sub-basin south of Wood Creek that has some small stands of Douglas Fir.  Sediments are 
both from the alluvial fan and from the main trunk of Wood Creek.  The bulk of the 
sediments are from streamflow and debris flows, with some sheetflood couplets near the 
top of the section and floodplain deposits at the base of the section. 
 
ST4-1  Date for second most recent debris flow (most 
recent fire-related debris flow).  603±33 
ST4-2  Date for charcoal in upper portion of stream 
gravels. 1725±34 
ST4-3  Date of thin fire-related debris flow.  Possibly 
second wave of lower event separated by 
hyperconcentrated flow.1923+-34 
ST4-4  Date of thicker fire-related debris flow.  
1937±34 
ST4-5  Date of Char in floodplain deposition at base of 
section.2233±46 
ST4-6  Date of charcoal in lower portion of alluvial 
gravels. 
ST4-7  Resample of same as ST4-5. 
USU-157  Date of sediment deposition at base of section.  2.09±0.27 ka 
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ST5 is located near the top of a 2.5 – 3 meter terrace near the upstream end of the main 
stands of Douglas fir.  The site contains two burned floodplain surfaces. 
 
 
ST5-1  Charcoal in Hyperconcentrated 
streamflow deposits. 
 
ST5-2  Date of fire related debris flow 
at base of section. 567±34 
 
ST5-3  Date of Debris flow deposit at 
top of section.   
 
ST5-4  date for Burned floodplain 
surface. 394±34 
 
ST5-5  Date of charcoal in floodplain deposit. 
 
ST5-6  Date of charcoal in lower floodplain deposits.  412+-32 
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ST6 is located where Wood Creek has incised into a 6 – 7 meter terrace.  Sediments are 
predominantly fluvial, although the top 1.5-meter or so contains several debris flows and 
two floodplains.  This is the lowest site on Wood Creek and also the most incised.  
Charcoal from this location was limited to very small fragments. 
 
 
 
ST6-1  Date of second most recent debris-flow.  Very small 
sample.  3100+-170 
 
ST6-2  Date of Char in second most recent floodplain, sample 
did not survive ABA. 
 
ST6-3  Date of third most recent debris flow.  Very small 
sample.  2950+-120 
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ST7 was excavated along the longitudinal channel of a low angle alluvial fan just 
downstream of the Bender Creek trailhead and approximately adjacent to the confluence 
with Lime Creek.  There is very little natural exposure, and excavation was not easy.  
This small basin on the south side of the valley is dominantly sagebrush.  Both units 
exposed by the excavation are debris flows and they were 
sampled from bottom to top. 
 
ST7-1  Date of lower fire-related debris flow.  1262+-44 
 
ST7-2  Date of upper fire-related debris flow.  931+-33 
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ST8 is located in the Blacks Creek Drainage where a culvert under Blacks Creek Road 
has excavated a good exposure.  Sediments are predominantly from debris flows, 
although there are two floodplains located near the base of the section.  This basin 
currently has no conifers and is dominated by sagebrush and grass with a distinct riparian 
zone.  There are also a few small stands of aspen near Three Point Mountain. 
 
ST8-1  Date of most recent debris flow.  Contains P. Pine  1561+-34 
 
ST8-2  Date of second most recent debris flow that incised into the third.  
1844+-35 
 
ST8-3  Date of third most recent debris flow.  Sample did not contain 
enough charcoal. 
 
ST8-4  Date of Char in upper floodplain deposition near base of 
exposure.  5764+-41 
 
USU-160  Date for floodplain deposition at base of section. 
6.10±0.71 ka 
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APPENDIX C 
Charcoal Sample Age Results 
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APPENDIX D 
Calibrated Radiocarbon Ages 
Calib 5.0.1 Output File 
 109
CALIB RADIOCARBON CALIBRATION PROGRAM* 
Copyright 1986-2005 M Stuiver and PJ Reimer 
*To be used in conjunction with: 
Stuiver, M., and Reimer, P.J., 1993, Radiocarbon, 35, 215-230. 
 
1-0 
Description 
Radiocarbon Age 3790±37 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[4094 BP:4121 BP] 0.220701 
[4144 BP:4193 BP] 0.406861 
[4195 BP:4235 BP] 0.372438 
Two Sigma Ranges: [start:end] relative 
area 
[3998 BP:4035 BP] 0.036023 
[4079 BP:4294 BP] 0.960217 
[4334 BP:4339 BP] 0.00255 
[4344 BP:4345 BP] 0.00121 
 
 
1-1 
Description 
Radiocarbon Age 3857±42 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[4163 BP:4167 BP] 0.020643 
[4181 BP:4198 BP] 0.094478 
[4231 BP:4300 BP] 0.473161 
[4313 BP:4315 BP] 0.01004 
[4325 BP:4356 BP] 0.18989 
[4367 BP:4405 BP] 0.211787 
Two Sigma Ranges: [start:end] relative 
area 
[4154 BP:4210 BP] 0.17971 
[4212 BP:4412 BP] 0.82029 
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1-2 
Description 
Radiocarbon Age 3723±36 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[3989 BP:4044 BP] 0.516836 
[4069 BP:4096 BP] 0.239769 
[4118 BP:4145 BP] 0.243395 
Two Sigma Ranges: [start:end] relative 
area 
[3933 BP:3941 BP] 0.007195 
[3972 BP:4157 BP] 0.973468 
[4205 BP:4223 BP] 0.019336 
 
2-1 
Description 
Radiocarbon Age 181±32 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[*-1 BP:19 BP] 0.213055 
[145 BP:155 BP] 0.100657 
[166 BP:215 BP] 0.501982 
[267 BP:284 BP] 0.184306 
Two Sigma Ranges: [start:end] relative 
area 
[*-2 BP:33 BP] 0.194048 
[73 BP:100 BP] 0.035701 
[104 BP:115 BP] 0.014418 
[136 BP:225 BP] 0.546514 
[254 BP:299 BP] 0.209319 
 
2-2 
Description 
Radiocarbon Age 379±33 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[333 BP:353 BP] 0.234051 
[434 BP:500 BP] 0.765949 
Two Sigma Ranges: [start:end] relative 
area 
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[317 BP:396 BP] 0.379451 
[423 BP:507 BP] 0.620549 
 
2-3 
Description 
Radiocarbon Age 240±32 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[*-0 BP:4 BP] 0.043644 
[153 BP:169 BP] 0.323899 
[282 BP:308 BP] 0.632456 
Two Sigma Ranges: [start:end] relative 
area 
[*-1 BP:14 BP] 0.071501 
[146 BP:213 BP] 0.333711 
[268 BP:319 BP] 0.523642 
[392 BP:426 BP] 0.071146 
 
3-1 
Description 
Radiocarbon Age 3796±37 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[4097 BP:4117 BP] 0.15606 
[4146 BP:4237 BP] 0.84394 
Two Sigma Ranges: [start:end] relative 
area 
[4007 BP:4032 BP] 0.020472 
[4081 BP:4297 BP] 0.96139 
[4330 BP:4351 BP] 0.015799 
[4374 BP:4378 BP] 0.002339 
 
3-2 
Description 
Radiocarbon Age 455±33 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[498 BP:525 BP] 1. 
Two Sigma Ranges: [start:end] relative 
area 
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[468 BP:539 BP] 1. 
 
3-3 
Description 
Radiocarbon Age 654±33 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[563 BP:590 BP] 0.538531 
[640 BP:664 BP] 0.461469 
Two Sigma Ranges: [start:end] relative 
area 
[556 BP:608 BP] 0.525425 
[623 BP:672 BP] 0.474575 
 
4-1 
Description 
Radiocarbon Age 603±33 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[552 BP:565 BP] 0.19183 
[587 BP:613 BP] 0.405311 
[618 BP:644 BP] 0.402859 
Two Sigma Ranges: [start:end] relative 
area 
[543 BP:653 BP] 1. 
 
4-2 
Description 
Radiocarbon Age 1725±34 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[1570 BP:1583 BP] 0.108959 
[1599 BP:1636 BP] 0.377406 
[1646 BP:1694 BP] 0.513635 
Two Sigma Ranges: [start:end] relative 
area 
[1550 BP:1710 BP] 1. 
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4-3 
Description 
Radiocarbon Age 1923±34 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[1825 BP:1897 BP] 0.989703 
[1915 BP:1915 BP] 0.010297 
Two Sigma Ranges: [start:end] relative 
area 
[1741 BP:1755 BP] 0.012908 
[1780 BP:1799 BP] 0.014237 
[1811 BP:1949 BP] 0.968877 
[1963 BP:1967 BP] 0.003978 
 
4-4 
Description 
Radiocarbon Age 1937±34 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[1830 BP:1845 BP] 0.162822 
[1863 BP:1925 BP] 0.837178 
Two Sigma Ranges: [start:end] relative 
area 
[1819 BP:1951 BP] 0.96963 
[1959 BP:1972 BP] 0.019271 
[1978 BP:1986 BP] 0.011099 
 
4-5 
Description 
Radiocarbon Age 2233±46 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[2158 BP:2251 BP] 0.753748 
[2299 BP:2329 BP] 0.246252 
Two Sigma Ranges: [start:end] relative 
area 
[2147 BP:2342 BP] 1. 
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5-2 
Description 
Radiocarbon Age 567±34 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[536 BP:560 BP] 0.428271 
[599 BP:631 BP] 0.571729 
Two Sigma Ranges: [start:end] relative 
area 
[523 BP:567 BP] 0.417213 
[584 BP:647 BP] 0.582787 
 
5-4 
Description 
Radiocarbon Age 394±34 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[334 BP:349 BP] 0.161211 
[439 BP:446 BP] 0.062819 
[452 BP:505 BP] 0.77597 
Two Sigma Ranges: [start:end] relative 
area 
[319 BP:392 BP] 0.287719 
[426 BP:512 BP] 0.712281 
 
5-6 
Description 
Radiocarbon Age 412±32 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[343 BP:346 BP] 0.02335 
[463 BP:510 BP] 0.97665 
Two Sigma Ranges: [start:end] relative 
area 
[328 BP:359 BP] 0.126609 
[368 BP:375 BP] 0.009134 
[429 BP:521 BP] 0.864257 
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6-1 
Description 
Radiocarbon Age 3100±170 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[3065 BP:3482 BP] 0.978248 
[3538 BP:3552 BP] 0.021752 
Two Sigma Ranges: [start:end] relative 
area 
[2862 BP:3689 BP] 1. 
 
6-3 
Description 
Radiocarbon Age 2950±120 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[2957 BP:3264 BP] 0.97029 
[3306 BP:3318 BP] 0.02971 
Two Sigma Ranges: [start:end] relative 
area 
[2798 BP:2822 BP] 0.012506 
[2843 BP:3383 BP] 0.987494 
 
7-1 
Description 
Radiocarbon Age 1262±44 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[1153 BP:1155 BP] 0.018031 
[1171 BP:1274 BP] 0.981969 
Two Sigma Ranges: [start:end] relative 
area 
[1080 BP:1284 BP] 1. 
 
7-2 
Description 
Radiocarbon Age 931±33 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
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One Sigma Ranges: [start:end] relative 
area 
[796 BP:835 BP] 0.418198 
[838 BP:875 BP] 0.393293 
[893 BP:910 BP] 0.188509 
Two Sigma Ranges: [start:end] relative 
area 
[775 BP:926 BP] 1. 
 
8-1 
Description 
Radiocarbon Age 1561±34 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[1408 BP:1424 BP] 0.177724 
[1429 BP:1444 BP] 0.155769 
[1457 BP:1516 BP] 0.666507 
Two Sigma Ranges: [start:end] relative 
area 
[1379 BP:1530 BP] 1. 
 
8-2 
Description 
Radiocarbon Age 1844±35 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[1731 BP:1821 BP] 1. 
Two Sigma Ranges: [start:end] relative 
area 
[1707 BP:1870 BP] 1. 
 
8-4 
Description 
Radiocarbon Age 5764±41 
Calibration data set: intcal04.14c 
# Reimer et al. 2004 
One Sigma Ranges: [start:end] relative 
area 
[6503 BP:6569 BP] 0.577462 
[6583 BP:6631 BP] 0.422538 
Two Sigma Ranges: [start:end] relative 
area 
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[6454 BP:6457 BP] 0.004018 [6466 BP:6662 BP] 0.995982 
 
Ranges marked with a * are suspect due to impingement on the end of the calibration data 
set 
 
# PJ Reimer, MGL Baillie, E Bard, A Bayliss, JW Beck, C Bertrand, PG Blackwell, 
# CE Buck, G Burr, KB Cutler, PE Damon, RL Edwards, RG Fairbanks, M Friedrich, 
# TP Guilderson, KA Hughen, B Kromer, FG McCormac, S Manning, C Bronk Ramsey, 
# RW Reimer, S Remmele, JR Southon, M Stuiver, S Talamo, FW Taylor, 
# J van der Plicht, and CE Weyhenmeyer (2004), Radiocarbon 46:1029-1058. 
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APPENDIX E 
OSL Final Age Report 
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APPENDIX F 
Additional Maps 
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